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FOREWORD

The objectives of this program is to develop analytical models for understanding stresses,
friction and wear as applicable to coated solids with solid lubricant films. Specific development of
models for stress distribution, friction and wear respectively constitute the three phases of this
program. Technical effort on the project was started on September 15, 1992. The Air Force project
engineer was K. R. Mecklenburg from September 1992 to January 1998. In January 1998, Mr.
Mecklenburg retired from the Air Force and Dr. Shashi Sharma assumed the project management
responsibilities until end of the performance period till October 1998.
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1. EXECUTIVE SUMMARY

The primary objective of this program is to develop procedures to model stresses, surface
friction or traction and wear resulting from sliding and thermal interaction between coated solids.
The emphasis is on development of model equations, numerical procedures and computer codes,
which may be used for practical design. The overall project was divided into three phases:

Phase I Stress modeling
Phase II Friction modeling
Phase III: Wear modeling

An existing plane-strain contact formutation for one coating on an elastic substrate was
the starting point for modeling of stresses in coated solids. The formulation was based on Fourier
transform of Airy stress function. The analysis was generalized to permit modeling of an arbitrary
number of coatings. The formulation was implemented in the form of a computer code, LAYER,
written in FORTRAN-90. The code serves as an efficient design tool. In addition to coated solids,
the model may be used for solids with varying elastic properties as a function of depth by simply
dividing the solid in discrete layers with different properties. While the computer code LAYER
provides quick solutions to 2-D problems, finite element effort was undertaken to develop solu-
tions for the more generalized 3-D problems associated with elliptical contacts. The widely used
MSC/NASTRAN with the ARIES pre- and post-processors was used. Fairly unique grid patierns
were generated to model the steep pressure gradients at the edge of contact. All mesh generation
procedures were automated by writing appropriate macros for the ARIES pre-processor. Thus rec-
reation of the solid and related mesh is straightforward and therefore, the macros have significant
design potential. Aside from modeling of mechanical stresses, finite element procedures were also
used to solve the thermal problem where the temperature distribution in the solid is computed for
a prescribed surface heat flux. The computed temperature distribution is then input to the static
module of MSC/NASTRAN to compute the various stresses in the solid. The procedures were
also used to compute residual stresses in the solid resulting from coating deposition at high tem-

peratures.

Procedures for modeling friction or traction are more empirical in nature, Based on past
work on lubricant traction modeling, a traction-slip relation with three empirical constants is pos-
tulated. The model is then fitted to experimental traction data and the model coefficients are
derived by nonlinear regression. The entire procedure is implemented in another computer code,
SLTRAC, which may be used to development coefficients for future materials. The model is very
well correlated with the experimental data obtained with several solid lubricants. The coefficients
derived may be immediately used for the design and performance simulation of mechanical com-
ponents, such as, rolling bearings and gears. In addition to regression analysis of experimental
data, the computer code SLTRAC also computes contact temperature using flash temperature-type
theories. The graphic output from the code consists of both traction and average contact tempera-
ture as a function of slide-to-roll ratio with prescribed contact load, rolling velocity and inlet tem-
perature.

) Modeling of wear has been a relatively more complex task. Traditionally wear has been
related to contact loads and sliding speeds, with very little emphasis on effects of temperature,
which is an important parameter for most solid lubricant materials. In order to model the effect of
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thermal environment, overall wear of interacting solids is partitioned into several processes. One
of the processes consist of traditional Archard-type wear resulting from sliding. The other pro-
cesses are based on thermal activation with varying activation energies, and they, therefore, con-
stitute different temperature dependent phenomena. The generalized equation consists of an
arbitrary number of processes. Appropriate coefficients of the models may be derived by fitting
the model to actual experimental data. Good correlation of the model is shown for two sets of
available experimental data. As more experimental data with newly developed solid lubricating
materials become available, the model may be used to develop a data base of coefficients which
may be readily used for wear prediction in solid lubricated applications.

As a final part of this investigation, procedures for implementing the models developed
above to practical applications are schematically outlined. The procedures basically integrate the
above three models to provide practical guidance for design and also materials development for
future applications.
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2, INTRODUCTION

The tribological behavior of the materials present at the interface between machine ele-
ments subjected to sliding interaction very often dominate the overall behavior and life of the
entire mechanical system. Friction and wear of bearings, gears, cams and similar components, are
significant problems in a wide range of both DOD and commercial applications. Some examples
include, rolling bearings used in turbine engines, gyroscopes, precision gimbals, cryogenic tur-
bopumps and cryo-coolers. Similarly, wear of piston rings, cylinder liners, gears, cams and cam
followers in automotive applications is an important problem, particularly in adiabatic diesel
engines, where operating temperatures are quite high. The use of lubricating oils and greases is
well known for reduction of friction and wear and as a result, an improvement in life of the overall
mechanical system. However, these conventional lubricants can only perform satisfactorily in a
limited range of operating temperatures, In the very high temperature environment of modern gas
turbine applications, solid lubricants offer, perhaps, the only means of lubricating the interacting
mechanical elements. Similarly, for space applications in the cryogenic temperature range, solid
lubrication offers the only potential for reducing friction and wear between mating surfaces.

Very often tribological enhancement of interacting surfaces and solid lubrication is
accomplished by applying one or more coatings of certain materials, which offer favorable tribo-
logical characteristics. In gyro bearings, hard coats of Tungsten Carbide or Titanium Carbide over
the 440C stainless steel balls have shown to result in higher preload capability, higher life and
improved torque stability. Similarly, in oscillatory bearings for precision gimbals, multiple coat-
ings of vastly different materials have shown significant reduction in friction and wear. In fact,
surface treatments which result in reduction in friction and wear have a rather universal signifi-
cance. However, when thin coats or films of different materials are applied, adherence between
the coatings as a function of both the applied operating conditions, such as loads, surface friction
and temperatures, and the residual stresses, resulting from the coating process itself, are critical
problems. The residual stress problem has been particularly significant with very hard materials,
such as diamond. In addition to the stresses resulting from the applied conditions, the thermo-
mechanical behavior of the coatings may vary from fully isotropic to highly anisotropic. This
adds further complications to the mechanical behavior of coatings in a given operating environ-
ment. Aside from the above tribological applications, surface coatings play an important role in
infrared (IR) devices used for guidance and tracking. Here, the functionality of the device imposes
an additional requirement that the coating material be IR transparent. For example, survival of the
coatings on the IR dome in the “Maverick Missile” against erosion due to rain drops at very high
speeds and other similar environmental conditions is a critical problem. The relative low life
against erosion of the present Zinc Sulfide and Zinc Silinide coatings is a critical problem. A very
thin coat of a hard material, such as diamond, has been proposed as a solution. However, the high
temperature requirement for application of diamond films creates a significant problem. In fact,
deposition of diamond may require an intermediate coat of another more compatible material
such as Germanium Carbide, which, however, is not completely IR transparent. Similar coupling
between material behavior and operating requirements is also important in electronic packaging,
circuit boards, thermal management in space power systems and a variety of other applications. In
the above wide application spectrum, the fundamental mechanics leading to the distribution of
stresses and deformations in the coated solids is, indeed, a common subject. In fact, due to the
greatly different constitutive behavior of the coatings in comparison to that of the substrate, an
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acceptable design of a coating-substrate system is dependent on realistic modeling of the stresses
in the coatings in a prescribed operating environment. The stress distribution in the coating deter-
mines its mechanical survival; the tensile stresses in the coating are often responsible for fracture
initiation while both the shear and tension at the coating/substrate interface affect adhesion, or
mechanical bond, of the coating to the substrate. A rigorous analytical modeling of these stresses
is, therefore, essential.

In addition to the applied loads on the coating surface, the friction forces lead to surface
shear stresses in the contact, which alter the stress distribution in the coating and the coating/sub-
strate interface. In fact, the surface shear loading results in tension at the coating/substrate inter-
face, and therefore, the survival of the coating is affected. Along with the mechanical problem, the
surface shear or friction results in heat which is conducted through the coated solid. The resulting
temperature distribution produces thermal stresses, which are superposed on the mechanical stress
fields. Since, the material properties are very often dependent on temperature, the frictional
effects become intricately coupled with the mechanical problem. This requires a simultaneous
modeling of stress and friction problems. As the coating surface is subjected to sliding interaction,
a wear process sets in to define the operating life of the coating in a given environment. However,
as the coating thickness changes due to wear, the overall stress distribution and the thermal inter-
actions are affected. In fact, the wear process itself may be a thermally activated phenomena, and
since the material properties, such as hardness, often depend on temperature, the wear process
also becomes coupled with the stress and friction problems, discussed above. For the development
of practical design tools for such coupled interactions, it is necessary to first develop and validate
models for each of the three basis processes, e.g., stress distributions, frictional interactions, and
the wear process. Thus, the primary objective of the present investigation is to develop models for
each of these three basic processes.

Practical significance of the analytical model extends far beyond the prediction of design
variables, such as optimum coating thickness, for given applications. Once the models have been
validated for their predictive strengths, they may be effectively used to parametrically evaluate
critical parameters, such as, shear and tensile stresses at the coating to substrate interface, thermal
stresses induced by the difference in thermal coefficient of expansion between the coatings and
substrate and realistic endurance limits when the coated elements are subjected to cyclic loading,
to arrive at significant recommendations for the required materials for more advanced applica-
tions. Thus, the analytical models may indeed serve as viable tools for materials selection and
development.

Modeling of stresses in coated solids is divided in two parts, First, plane-strain techniques
are used to develop numerical procedures and computer codes for the somewhat simplified two-
dimensional problems. Since plain-strain approximation may be fairly valid for a broad range of
practical application, such analytical tools and computer codes will have a significant practical
potential. For more complex problems with three-dimensional elliptical contacts, the well estab-
lished finite element procedures are used to mode] the stress problems. The widely used MSC/
NASTRAN package is used to accomplish this task. In addition to the mechanical stress problem,
finite element techniques are also used to solve the thermal problem where the interacting solid
may be subject to a surface heat flux. These solutions provide a temperature distribution in the
solid which may be input to the stress modules to compute thermal stresses. Similarly, residual
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stresses arising from deposition of coating material at high temperature, and subsequent cooling
of the coated solid to room temperature, may also be modeled easily with the finite element proce-
dures. Plane strain analysis and finite element modeling, respectively, constitute chapters 3 and 4
of this report.

Modeling of surface friction is more empirical in nature. The approach consists of postu-
lating a traction-slip equation with appropriate coefficients, which may be computed by regres-
sion analysis of experimental data. The approach has been effectively used in the past for a large
number of liquid lubricants, where the model coefficients represent physical properties such as
viscosity, shear modulus and critical shear stress. Very often traction predictions strictly based on
the fundamental properties of the lubricant, liquid or solid, do not quite agree with experimental
measurements. The modeling approach, therefore, has been to fit the model to actual experimental
data and derive the “effective” value of the constitutive constants, Although such as approach
lacks adequate physical interpretation of the model, it provides validated models with good pre-
dictive strengths for design purposes. Friction modeling is the subject of chapter 5 of this report.

Wear modeling is even more empirical then the approach to friction or traction relations.
Traditionally, wear rate is considered to be proportional to load and sliding velocity with no effect
of temperature. For modern materials, solid lubrication and high-temperature operating environ-
ments, temperature is an important variable. In fact, temperature is the most fundamental variable
which provides coupling between the basic processes discussed above, e.g., stresses, friction and
wear. The technical approach in the present investigation, therefore consists of dividing overall

‘wear into multiple processes, one of which could be the classical sliding wear, while the other
processes are thermally activated with varying activation energy. Although the various coeffi-
cients in the generalized wear equation are simply derived by curve fitting the model to experi-
mental data, the thermally activated processes may represent chemical reactions such as
oxidation. Thus, the wear model developed herein may correspond to actual physical and chemi-
cal processes. Chapter 6 presents the wear model.

Although the models for each process, e.g., stresses, friction and wear, are developed inde-
pendently, there is a significant interaction between the processes when the models are applied to
practical problems. For example, the heat generated in the contact due to frictional effects results
in a temperature distribution, which in turn produces thermal stresses. Also, when the material
properties are dependent on temperature, both stress distributions and wear rates may be affected
by the thermal dissipations resulting from the frictional effects. Similarly, since the stress distribu-
tions are dependent on coating thickness, the wear process, where the coating thickness continues
to decrease, affects stress distributions. Such variables, therefore, provide the coupling between
the three independent models while modeling the overall performance and operating life of a
mechanical component. To address such interactions, an integrated approach to apply the models
for practical design is outlined in a schematic manner. Such design guidance is the subject of
chapter 7 of this report, which is followed by some recommendations for future development.




3. STRESS MODELING IN PLANE-STRAIN

Due to a rather wide application potential, the analytical modeling of the contact mechan-
ics and interfacial interactions in coated solids have been of significant interest in the recent years.
In the past, both, solution to the contact problem and stress distribution in the coating as a func-
tion of the prescribed boundary loading have been attempted. The solution to the contact pressure
profile in the case of cylindrical contact between coated elastic solids has been obtained to varying
degrees of sophistication by a number of investigators [1-6]. Most of the early work [1-5] consid-
ered an asymptotic problem of a very thin or thick coating. Meijers [3], while considering an elas-
tic layer over a rigid substrate demonstrated that the solutions for a thin and thick layer overlap so
well that these solutions may apply to arbitrary layer thicknesses with excellent approximation.
W, Chiu and Pao [4,5] considered the classical stress function approach to the contact problem
of coated solids and they clearly demonstrated the mathematical complexity of the problem, par-
ticularly the numerical convergence problem as the material of the coating tends to become
incompressible. Gupta and Walowit [6] resolved this problem by considering a Fourier transform
of the Airy stress function and they obtained solutions where both the coating thickness and the
coating to substrate modulus ratios may assume arbitrary values; in addition, they demonstrated
that the Poisson's ratio may also be arbitrary and therefore, the incompressible materials may be
properly modeled. In the area of stress distribution in the coating, most investigators considered
either a uniform or an elliptical boundary loading. Lemcoe [7] considered a uniform pressure over
the contact zone on a hard coating resting over a relatively soft substrate. Results for the stress dis-
tribution in the coating and substrate were presented for the cases when the coating is either in
frictionless contact or bonded to the substrate. Barovich, et al. [8), used an elliptical pressure pro-
file and obtained stress distribution when the ratio of modulus of elasticity of the coating to that of
the substrate varied in the range of 0.25 to 4. Later Ku, et al. [9], considered surface shear and pre-
sented similar results for both elliptical and uniform shear prescribed at the coating surface. Based
on the general solution to the contact problem [6], Gupta, Walowit and Finkin [10] considered an
arbitrary pressure and shear loading on the coating surface and they presented results for stress
distribution in the coating, substrate and at the coating/substrate interface for a wide range of
material properties. For practical designs, the Fourier transform approach of Gupta and Walowit
[6,10] was implemented in a FORTRAN computer code, LAYER [11].

In terms of practical applications, the plane-strain models are applicable to a wide range of
application. In roller bearings, the line contact between roller and race is certainly a plane-strain
problem. In most ball bearings, although the contact is elliptical, the ratio of major to minor axis
of the contact ellipse is often greater than 5; thus, a line contact approximation may be quite rea-
sonable. Similarly, contact problems in gears, cams and cam followers may be modeled reason-
ably well with plane strain approximation. Contact between the piston rings and liners in another
application where the plane strain approximation is valid.

3.1 The Plane-Strain Model

In the present investigation, the plane-strain models developed by Gupta and Walowit [6]
and Gupta, et al. [10], form the base line. The analytical formulation is based on a formulation
derived from Fourier transform of the classical Airy stress function. With reference to the coordi-
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nates shown below in figure 3-1, the stresses, G, G, and 7, are respectively given by the rela-
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Figure 3-1. Basic coordinate frame for a coated solid.
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..aV’_,i,w d(;~hw .
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_ 96 _ 1 . dG -isy )
Txy = —5;53’ = I -“I(D-d-;e do Eqn (3 3)
and the displacements:
2 3
_l-v dG _(2-v) 2dG -loy d©
“= 2RE -[dx3 1-v ® dx]e 0.)2 ' Eqn (34)
1-v? de. vV 2 loy dd
- - , =iy au -
V= SE J:-[dxz + l-vm G]te © Eqn (3-5)

where y is the Airy stress function which satisfies the biharmonic equation and G is the Fourier
transform of , symbolically

Viy =0 Eqn (3-6)
and
_ 1 —foy .
G = [ ve'd Eqn (3-7)

By eliminating y in equations (6) and (7) and by solving the resulting differential equa-
tion in G, a solution of the following form is obtained

G = (A +Bx)e’ " 4 (C +Dx)e*®* Eqn (3-8)

where A, B, C and D are constants to be determined from the boundary conditions. These con-
stants are, in general, functions of ¢ and the coating material. Thus for each coating, labeled as 1
to n, in figure 3-1, there will be four stress function constants. The boundary conditions for the
computation of these constants consist of -

1. Prescribed normal and shear stress at the surface of the top coating.

2. The normal and shear stress at each interface in the two materials are equal.

3. The displacement in the two materials are also equal at the interface.

4. For elastic substrate the normal and shear stress should vanish at infinite depth.
§. For rigid substrate the displacements vanish at the substrate surface.

If the coatings in figure 3-1 are labeled as (i = 1, ) then the 4n algebraic equations, cor-
responding to the four stress function coefficients for each coating, have to be formulated in terms
of the above boundary conditions.
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For the development of these equations it will be convenient to define the following
dimensionless variables:

n = (3/a), & = (x/a),s = wa,d; = (h/a),and z = |s| Eqn (3-9)

Now by substituting the surface boundary conditionsc, |x1 0 =b and T, ’lx, o =@

in equations (3-1) and (3-3) and by taking an inverse Fourier transform of the resulting equations,
the following two equations may be derived:

A +5°C, =P = J- p(n)eMdn - Eqn (3-10)
and
-25A +5B, +25C +sD; = Q0 = r q(n)e‘"‘dr\ Egn (3-11)

For developing the equations corresponding to the boundary conditions at the interface
between two coatings, it will be convenient to define the following additions functions:

2-V;
S/ -
Y, = 1oy, Eqn (3-13)
2
_ U-vE;_,
Y = G-V, E, Egn (3-14)

If n is the number of coatings, then for equations 12 and 13, 1 S i< n for rigid substrate,
and 1Si<S(n+1) for elastic substrate, where the subscript (n + 1) corresponds to the elastic
substrate. In equation (14) the subscript, i, will vary from 2 to » for rigid substrate, while it varies
from 2, (n + 1), for the elastic substrate.

In addition, at any value of & coordinate, and the integrating variable ©, a matrix Zis
defined to contain the coefficients of the stress function and its derivatives, as follows:
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=
dG
A dx
2\Bl = |G Bqn (3-15)
C d? .
D 3
a6
dx’

Here Z is a (4x4) matrix of the coefficients which are derived from the stress function
equation, The coefficients are functions of the coordinate ¢ and the integrating variable ®.

The boundary conditions of equal normal and shear stresses, and the two displacements, at
the interface between coating i and i+1, where i varies from 1 to n-I, are written as

Ot md, = Orile, =0 Eqn (3-16)
1,),‘|&‘_d‘ = T B =0 Eqn (3-17) -
u,|§_d‘ = U,1lg, -0 Eqn (3-18)

Eqn (3-19)

thg‘..d, = Vl+1|gm.o

Now by using equations (1), (3), (4), and (5), and by using the notations introduced in
equations (12-15), the above four equations may be written in terms of the stress function coeffi-

cients

- A -.
- . B!
Z1)|4, Z12]4, Z13}4, Zylg, ~Zulo “Zply  “Znle ~Zup c,
Zn|y Znly Zolg Zuls, Zale  “Zale  “Zmlo Zule || Dy _
Ulld( UZIJ‘ U3Id‘ U-t‘d‘ ""Yi-blullo ""YH-lelo _yl+1U310 -‘YI'+1U410 Al+1
Vl|d‘ V2|d‘ V3]4‘ V4|d‘ ‘71+1V1|0 ‘7!+1V2|0v"'7£+1V3|0 _Yl-o-lv.glo B“*l
i ] Ci-rl

| _Dl+1

Eqn (3-20)
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where

2 2
Ujlg, = Zyjlg 0 sz|d¢)j= 14 and  Uj|o=24)]g+0;.1s szlo),. 4 Ean(3-21)

, 2 ' 2
Vilg, = Zajla,* O Z1ly) and V)|, =2yl + 90015 Zylg)) 0y, EANG-22)

J=14

The boundary conditions at the interface between the last coating (coating #n) and the sub-
strate will depend on the type of substrate. For elastic substrate, the normal and shear stress, and
the displacements in the coating will match those in the substrate, while both displacements will
vanish at the interface for a rigid substrate. Thus the equations for elastic substrate are

B 7

] [ a,
leld_ le d, zl3 d, Zl41¢_ "lelo "212|o Bn
Zn|y, 22|y, Znls, Z2als, ~“Zule 22l || C,

Uily Ualy, Usly, Usla, ~Yns1U1]o ~Yas1Usfo|| Da
..Vlld. Vzld. V3ld, V4|d. —'Yud-lvllo -7"”V2io_ An+1 ’

Here the subscript (n+1) is used for the substrate. Also, the requirement that the stresses
must vanish at infinite depth in the semi-infinite elastic substrate, which results in the condition

C,., = D, ., = 0,hasbeen used in the above equation (23).

For the rigid substrate the two displacemeht in the last coating at the coating/substrate
interface must vanish, These displacement equations may be written as

r An-
Uylg, Ualg, Us|g, Udla||B
V1|d,, Va d, V3|d, V4|d

»
L]
o

Egn (3-24)

D

L~ A

Here the definition of the functions U and V is identical to that defined in equations (3-21 |
and 3-22) with the coating index i set to n for the last coating.

In summary, for semi-infinite elastic substrate and » coatings, there are (4n1+2) unknowns,
A,B,CyD),_ .+ Ap. 1 80d B, . The corresponding equations available to compute these

unknown coefficients consist of equations (3-10) and (3-11), (4n-4) equations from equation (3-
20) with ({ = 1,n-1), and four equations for equation (3-23).
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For the rigid substrate with n coatings, there are 4n unknowns, 4;, B, C,, D,-i =1 The

required number of equations consist of equations (3-10) and (3-11), (4n-4) equations from equa-
tion (3-20) with (i = 1,1-1), and two equations for equation (3-24). .

Once the stress function coefficients are computed, based on the above equations, they
may be substituted in equations (3-1 to 3-5) and the resulting integrals may be evaluated numeri-
cally to compute the various stress and displacement fields in the coated solid. A ten-point Gauss-
ian quadrature algorithm was found to be adequate for these computations. This completes the
analytical formulation for computation of subsurface stresses in the coatings for a prescribed sur-
face loading.

For solution to the contact problem, where parabolic displacements are prescribed on the
surface of the top coating, the Green’s function type approach used by Gupta and Walowit [1] for
a single coating bonded to a semi-infinite elastic substrate is directly applicable. For computation

of Green’s functions the surface pressure p(n) , in equation (10), is replaced by a unit line load,
the surface shear stress is set to zero, and then the normal surface displacement equations in terms
of surface pressure are equated to the prescribed parabolic displacement to compute the surface
pressure distribution, Except for the stress function coefficients, which are derived from the above
generalized formulation, the analytical procedure for the solution to the contact problem is identi-
cal to that already published by Gupta and Walowit[1]. This formulation is, therefore, omitted
here.

3.2 Computer Code LAYER

The above numerical procedure for modeling stresses in a coated solid is implemented in
the earlier computer code, LAYER, developed by Gupta [11]. There are three parts to this updated
code: input module, the main compute module, and the graphics module. The input module is
based on the X-Windows and Motif libraries, available as a part of the most Unix operating sys-
tem, and it is written in the standard ANSI C language. The main compute module is written in
standard FORTRAN-90 language. Also, the graphics module conforms to the FORTRAN-90
standard and it employs the ISO-PHIGS graphics library. The interconnection between the three
modules is shown schematically in figure 3-2. The input module, based on the user input supplied
via interactive screens, prepares an input data file. This file is input to the compute module, which
basically has two parts: the solution to the contact problem, and subsurface stresses in the coated
solid. For solving the contact problem, first the stress function coefficients are computed for a line
load condition, these coefficients are input to the computation of Green’s function and formula-
tion of the surface pressure and displacement equations, and finally the pressure-displacement
equations are inverted to obtain solution to the contact problem. For computation of stresses, the
stress function coefficients are computed for the prescribed surface loading and these are input
directly to the Fourier integrals defining the various stress components.

The main compute module, as shown schematically in figure 3-2, has three modes of oper-
ation, which are selected by value of the input variable MODE. Under MODE=0, only the contact
problem is solved. With MODE=1, the surface pressures, as obtained from the contact problem
solution, are input to subsurface stress computing procedures and the final output consists of both
the surface pressures and the subsurface stress distributions in the coatings. When the subsurface
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stress distributions are required for any prescribed surface loading, MODE=3 may be used. Sur-
face pressure loading is prescribed in the input data in this case.

,.
|

|

|

!

8

r "
| I
| IsMODE=0or 1? '
: YES NO :
: Stress Functions :
I for Line Load i
i Stress Functions |
l for Prescribed - I
| Surface Loadi |
I| Greens Functions and © ne l
L} Pressure-Displacement |
: Equations :
| Subsurface |
I Stress |
| Solution to the Distributions '
| Contact '
' Problem '
I NO |
| l
, Is MODE=0? ) .
| |
| YES |
] ' |
| Print Output File I
| |
: Graphics Data Set :
| |
L—e—=——=—=—=-=—=c-W=-Z=-=-S=-=-=-=-=-=-=-=-=-====-Z=-:=3
:' Graphics Module ';
| Graphics Graphics _ I
I Display Display of the I
I Program Results I
L

Figure 3-2. Schematic layout of coated stress modeling computer code, LAYER.
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Output from the compute module consists of two files: a print file and a graphics file. The
print file simply contains the formatted print output and it may be printed on any printer, while the
graphics file is an ASCII data file which may be input to the graphics module to obtain a visual
presentation of the results.

3.3 Typical Results

Consider a coated solid with three coatings and an elastic substrate. Let the top coat be of
a ceramic material with one micron thickness. The material of the central and lower coatings is
arbitrarily selected to have an elastic modulus of, respectively, 0.75 and 0.70 times that of the top
coats, while the thickness of these coatings is set to 2 and 3 micron. Typical normal stress solu-
tions for this solid with a contact half width of 10 microns are shown in figure 3-3. The solid

graphs represent the normal stress 6, at the various depth coordinate. The normal loading on the

surface is obtained by solving the contact problem. Note that the normal stress is highest on the
surface, and it gradually reduces as a function of the depth coordinate as expected.

The subsurface shear stress for the above example is shown in figure 3-4. Note the increas-
ing shear stress as a function of the depth coordinate. This behavior is similar to the classical Hert-
zian contact where the subsurface shear first increases as a function of depth and then gradually
vanishes with increasing depth. The critical parameters here will be the shear stress at the inter-
face which may lead to coating fracture. '

The graphics facility which produces the typical results shown in figures 3-3 and 3-4,
offers interactive menu buttons on top of the screen. Thus, all stress components may be immedi-
ately examined as a function of certain input parameters which are available under the “paramet-
ric” menu button. This greatly facilitates the design optimization process.
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Figure 3-4. Typical shear stress solutions resulting from normal surface loading.

3-11




4. FINITE ELEMENT MODELING

Finite element methods have been very widely used to model stresses and thermal prob-
lems in a wide range of application. Very recently have also been applied to modeling friction
problem in coated solids {12,13]. A number of finite element packages are commercially available
and they are readily usable for practical problems. In the present investigation the widely used
MSC/NASTRAN package [14] was used to carry out finite element modeling of coated solids.
First, a plane-strain problem was modeled in two dimensions and then the more complex three-
dimensional problem with elliptical contact was considered. It is well known that preparation of
the mesh is generally the most time consuming task in any finite element work. Perhaps, process-
ing of the results is the second laborious task. In other words, data pre- and post-processing effort
is significant in any finite element modeling work. In an overall sense, the basic steps involved in
the finite element modeling task are:

1. Generation of the solid

2. Meshing of the various regions of the solid
3. Application of applied loads and restraints
4, Finite element analysis

5. Processing of the results

- Steps 1 to 3 constitute data pre-processing, step 4 is actual analysis and step 5 represents
data post-processing to present the results in different engineering formats, The MSC/NASTRAN
package includes the ARIES pre- and post-processors, which provide an interactive geometrical
modeler which greatly helps in modeling the geometry and generating the mesh pattern for NAS-
TRAN analysis. Similarly, the ARIES post-processor provides engineering displays of all the
results. This interface was used in the current effort. The overall modeling effort for both the two-
and three-dimensional problems is discussed below.

4.1 Two-Dimensional Plane-Strain Problem

The first step in the modeling effort is to create a simple rectangular solid, which is then
“regioned” into different areas to represent the coatings and applied load zone. Regioning is an
operation in the modeling step where an area or volume is defined by intersection of two solids or
surfaces. Although the region, so defined, is still a part of the original solid, but its material and
properties may be different from that of the base solid. Thus, a coating rigidly bonded to a solid
can be defined by the regioning operation. Similarly, it is convenient to define an area over which
the load is applied by another regioning operation, The “Geometry” application available in the
ARIES interface can be used interactively to perform all these geometrical modeling steps. Before
using this application, however, certain start-up steps may be necessary, such as setting the coor-
dinate frame, units of measurement, etc. These steps are contained in the Macro: startup, listed in
Appendix A. Thus the setup is simply accomplished by simple execution of the macro, by typing
startup at the command line. The “Geometry" application may now be used to create the solid.
After the modeling steps have been successfully performed, the associated “journal file” may be
used to create another macro, listed as Macro: solid2d, in Appendix A. The modeling process may
now be automated by simply executing this macro by typing a command solid2d on the command
line. The various inputs, such as coating thickness and size of contact zone are requested by
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appropriate interactive prompts. For an example with two coatings on the surface, the solid as cre-
ated by executing the macro is shown below in figure 4-1.

Y

-,

Figure 4-1
Typical regioned solid for the two-dimensional plane-strain problem with two coatings.

First, a base rectangular solid is created, and then it is regioned into three parts, corre-
sponding to the top coating (region #1), the second coating (region #2) and the substrate (region
#3). This regioned solid is then further regioned to define the central part of the load zone (region
#4), the areas near the edges of and within the load zone (regions #5 and #6), and the two areas
near the edges of and external to the load zone (regions #7 and #8). With the solid defined in this
manner, the material properties in regions 1, 2 and 3 may be defined independently to create a
base solid with two coatings having different material properties. The finite element mesh sizes in
the central region (#4) may be different from those in the edge regions (#5, #6, #7 and #8) for
improved computational accuracy near the edge of contact zone where the pressure gradients are
generally high. The relative size of region near the edges, shown in figure 4-1, was determined by
substantial trial and error with steep pressure gradients representative on elliptical surface load-
ing, as found in common contact problems.

The next step in the modeling process is to create a mesh. Before starting this process,
however, it may be necessary to edit the materials in the ARIES database, to make sure that the
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desired materials are available. For the present example three materials are added to the database,
e.g., “SoftCoat,” “HardCoat” and “Substrate,” which respectively correspond to a soft solid lubri-
cant coating over a ceramic coating, which is bonded over a steel substrate.

For the two-dimensional plane strain problem it is only necessary to mesh the end face of
the solid. Due to the simple rectangular areas in the solid face, shown in figure 4-1, each rectangu-
lar area can be interactively meshed by using a rectangular element and by prescribing the number
of nodes on a given edge. This is done by using the “mapped mesh” technique in the “FEM”
application in the ARIES interface. The process may be started by meshing the region A, in the
top coatings, as shown below in figure 4-2, where the solid is displayed at an enlarged scale for

A

Figure 4.2
Start of the mapped meshing procedure for the two-dimensional plane-strain problem.

clarity. The interactive commands in the “Finite Element” application which produce the mesh
shown in figure 4-2 consists of the following:

Aries ¥ click Aries button for main menu

FEM Jwk gelect FEM application

edit *%* click edit button

femodel modeli 4+ gpecify name as “modell” next to femodel button
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at_axis *48 click at_axis as model reference coordinate system
analysis_code msc_nastran  *** select msc_nastran as the analysis code
analysis_type linear_static *## analysis type is linear static

plane_strain w44 golect the plane strain type

element_set set1 *+4 name clement set 8s “set1”

quadrilateral ##% gpecify a quadrilateral element type

T ¥ kaep clicking the right mouse to remove menus
generate *+* click mesh generation menu button
mapped_mesh *x# galect mapped mesh

override $ *%# gt material override to yes

material SoftCoat ##* goloct material “SoftCoat” from data base
pick face **+ click pick, then face button

& then click on the region to be meshed
. ##* done or right mouse to accept highlighted region

edge_nodes »+¥ click edge nodes button to specify edge nodes
num_elem 4 *#¥ gpecify number of elements as 4
pick edge ### click pick, then edge button

**# then click on an edge along depth of region
: *»# right mouse to accept and generate nodes
num_elem 10 *»# number of elements along the surface

pick edge w++ click pick, then edge button
#++ then click an edge along the surface
' *4* rjght mouse to accept
: e right mouse again to get out of the menu
mesh #*# click mesh 10 generate mesh

Y *## right mouse clicks to accept and out of the menu

The process can now be repeated to mesh the remaining areas, one at a time. Note that for
subsequent regions in the top coating, it is only necessary to prescribe nodes on the top edges, also
the initial steps to specify analysis type and model name, may not be necessary in meshing the
remaining area in the top coating. For example, after completing mesh A, the mesh in the adjacent
region B, is created by the following commands:

generate *+¥ click mesh generation menu button
mapped_mesh *44 gelect mapped mesh

override yes #+4 9ot material override to yes

material SoftCoat *** galect material “SoftCoat” from data base
pick face *#x click pick, then face button

4% then click on the region to be meshed
4 *** done or right mouse to accept highlighted region
edge_nodes »##+ click edge nodes button to specify edge nodes

num_elem 4 **+ qumber of elements along the surface
pick edge *##4 click pick, then edge button

##» then click an edge along the surface
; *#* right mouse to accept

' : *+* right mouse again to get out of the menu




mesh #** click mesh to generate mesh
" ®x right mouse clicks to accept and out of the menu

This will mesh the region B as shown in figure 4-3 below. The process is repeated to mesh
the remaining regions in the top coating.

A

Figure 4-3
Meshing a region adjacent to an already meshed region.

Once the top coating is meshed, meshing the remaining area becomes even simpler. For
example, meshing the edge region C (see figure 4-3) in the second coating simply requires speci-
fication of element set name, the material of coating, and nodes on the edge along depth of the
coating. Once this region is meshed, the remaining areas in the second coat require no specifica-
tion of nodes, because all nodes are defined by adjacent elements. After completing the mesh in
the second coating, this procedure is also used to mesh the substrate, The completely meshed
solid is shown in figure 4-4.




Y

J—s

Figure 4-4
Fully meshed solid for modeling the two-dimensional plane-strain problem.

The next step in the finite element modeling process is to prescribe the applied loads and
restraints. The ARIES “Environment™ application is used to prescribe both, the restraints and the
applied loads. For the two-dimensional plane-strain problem, the applicable restraints simply con-
sist of imposing translational restraints on the base, or the bottom edge of the solid. With ARIES
running and the solid already displayed in the main window, this can be easily accomplished by
the following commands:

Aries click this button to get the main menu
Environment ' select the “Environment” application

edit click the edit button

restraint_case click restraint_case button to specify name
fixed_base name the restraint case as “fixed_base”

i several clicks.on right mouse button to close all menus
add select add button to add restraints
translational_restraint select translational restraint option
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pick edge turn on pick edge option

and select all button edges of the solid
4 right mouse to accept
components_1 z turn off z-component

accept zero value for components x and y
accept and close all menus by clicking right button

After closing all menus, the restraint symbols will appear on the button edge, confirming
that the prescribed restraints have been applied.

An elliptical pressure distribution on the top surface is considered as the applied loading.
This requires the use of ARIES point processor, to apply the elliptical distribution of pressure in a
piece-wise linear fashion. A macro “ell_pres” (see Appendix A) is written to prescribe the pres-
sure points for a given contact half width and maximum pressure. With the ARIES “Environment”
application still running, the following commands are used to prescribe the surface loading:

edit ) click edit button

load_case select load case option

normal ~ name the load case as “normal” _

pick edge pick the edges corresponding to central and the two edge
zones within the contact (top edges of zone 4,5 & 6 shown
in figure 4-1)

: right mouse to accept the selected edges

component_1 X turn off x component

- component_1 z turn off z component

1

VALUE option for defining pressure values along the y axis

input_variable independent input variable is the x coordinate value

X

' acoept above options

interpolation turn on interpolation option

piecewise_linear select the piecewise linear option

ell_pres execute the macro ell_pres macro to enter all values of

pressure and the position along the x aims.
" a few clicks on the right mouse to accept and close menus

The macro will interactively request the contact half width and the value of maximum
pressure at the center of contact. The value of half width is 0.001 m (this is set in the macro
solid2d) and the central pressure is set to 1.0 GPa in the present example. Since all the stress solu-
tions are scaled relative to the central pressure, the solutions may be appropriately scaled for any
other value of central pressure.

The applied pressure and restraints as applied by the above procedure are shown in figure
4-5 below.




Y
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Figure 4.5 :
Applied elliptical pressure and translational restraints for the plane-strain problem.

The model is now ready for finite element analysis, which can be started by clicking the
“Analyze” button under the “FEM" application in the ARIES interface. Since the loads and
restraints are prescribed on the edges, the automatic nodal loads and restraints option must be
turned on in the analyze menu; this will permit computation of the nodal loads and restraints
before starting the analysis.

Once the analysis is complete, the “Results” application in the ARIES system is used to
view the results. Virtually all stress, strain and displacement components can be displayed by the
“Results” application. Figures 4-7, 4-8 and 4-9 respectively, show the von-Mises stress, the global
shear stress, and the maximum shear stress distribution in the solid. These are the most common
components which are used to assess failure in the coatings as a function of applied loads. Note
that all solutions are for a 1.0 GPA maximum stress at the surface. For other stress values, these
solutions may be appropriately scaled.
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4.2 Generalized Three-Dimensional Problem

The common three-dimensional contact problem consists of a solid with surface loading
over an elliptical area. Although the modeling approach for such a problem is quite similar to that
discussed above for the simplified two-dimensional plan-strain problem, all the steps are substan-
tially more complex. In particular, meshing of the elliptical contact area, determining the mesh
size near, and along, the contact edge for modeling of high pressure gradient with acceptable
accuracy, and applying the surface loading in a piecewise linear fashion. After 2 number trial runs,
and significant experimentation with different mesh configuration, it was found that it is perhaps,
best to divide the elliptical contact zone into several concentric elliptical regions, and prescribe a
constant pressure, of varying magnitude, over each of these regions, to simulate an ellipsoidal
* pressure distribution. With such established guideline a macro, solid3d, as listed in Appendix A,
was written to generate the regioned three-dimensional solid shown below in figure 4-9.

Y

J—x

Figure 4.9
Regioned solid for modeling the three-dimensional stress problem.

Each of the regions in the solid may be meshed individually with brick elements for
acceptable accuracy in the finite element analysis. A somewhat enlarged view of the solid is
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shown in figure 4-10, where the regions in the outer annulus around the contact are numbered
from 1 to 16. A meshing sequence for these regions will be discussed later.

?Figure 4-10 _
‘An enlarged view of the three-dimensional solid.

Similar to this outer annulus, there is an inner annulus bounded by the a rectangle and the
outer elliptical edge of the contact region. There are also sixteen regions in this area. The zone
formed by the concentric ellipses will also have the sixteen regions, until we reach the center of
contact, which is defined by a rectangular region. The greatly enlarged view of contact shown in
figure 4-11 shows these regions more clearly. The labels 1 to 16 in this inner region will be
referred to later when discussing the meshing procedure. In general, each one of the regions seen
in figures 4-10 and 4-11 may be independently meshed to create virtually any mesh size variation
over the solid. However, the regions in the contact area, as seen in figure 4-11, are such that only
one element per region is adequate to model the contact stress problem. Thus, in most cases, no
more than one mesh point will be necessary in these regions.
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Regioning details of the elliptical contact area.

Since there are a large number of regions in the three-dimensional solid, a number of mac-
ros have been developed to mesh the solid. The process is started by first manually meshing
region 1 of figure 4-10. This is done by following a procedure similar to that listed earlier for the
two dimensional solid. However, since the geometry is substantially more complex, it is essential
to display the solid at an enlarged scale so that each region is visible, and pickable by the pick pro-
cessor without any ambiguity. The pick processor normally works with screen coordinates and
size of the trap box. The viewport-zoom options are used to magnify the image. Also, a diametric
or an isometric view is often more friendly to the pick processor. Now, assuming that the image is
on the screen with appropriate magnification, the following steps will mesh the desired region 1 of

figure 4-10:
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Aries ‘ get to the main ARIES menu

FEM select FEM application

edit go to edit menu

femodel fem3d name the femodel as “fem3d”

element_set elset1 name the element set as “elset]”

brick select brick element type

type HEXA with six degrees of freedom

" accept and remove all menus

generate get the mesh generation menu

mapped_mesh select the mapped mesh option

override es click the material override button

material SoftCoat select “SoftCoat” as material of top coating

pick reglon get to pick processor to select a region

; click on region 1 (as seen in fig 10) then right mouse to
accept

edge_nodes click the edge_nodes option

numb_elem 4 set number of edge nodes to 4

pick edge turn of pick processor for edges

' click on the edge along depth of top coating and then right
mouse to accept

num_elem 5 set the number of edge nodes to t

pick edge turn on the pick-edge processor

' click on the edge along the radial direction (towards center
of contact) and then right mouse to accept

numb_elem 1 set number of edge nodes to 1

pick edge turn on the pick-edge processor again

; now pick the edge along the circumnferential direction, i.e.
the third orthogonal direction, and then right mouse to
accept

' right mouse to accept all nodes

mesh , : click mesh to mesh the region

' accept the mesh when completed.

The resulting mesh is shown in figure 4-12. Meshing this first region sets the number of
elements along depth of the top coating and along the radial direction. This prescribes certain con-
straints on meshing of the other regions in the top coat. In other words, the number of nodes may
only vary along the circumferential direction in the remaining regions of the top coating. The
number of edge nodes along the circumferential direction is set to 1 in the present example, and
this is done for all regions in the top coating.

4-15




Number of nodes = §
in the radial direction

Number of nodes =1
along circumferential
direction

Y Number of nodes = 4
along the coating depth

=~ X

Figure 4-12
Start of the mesh process for the three-dimensional solid.

Once the first region is meshed and the number of nodes along the two orthogonal direc-
tions are established, the macro “mesh1” (as listed in Appendix A) may be executed to mesh the
remainder of the outer annulus of the top coat. Several inputs, with regard to geometry of the solid
and the number of nodes desired in the circumferential direction, are requested by the macro. The
resulting mesh is shown in figure 4-13.
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| 5

Figure 4-13
Meshed outer annulus of the top coating.

After completing the above mesh, the MODIFY-VISIBILITY-MESH option may be used
to blank out the meshed regions, this will give better access to the unmeshed regions. Now the
VIEWPORT-ZOOM option may be used to further increase magnification of the image. Meshing
of the first region in the second annulus around the elliptical contact is also performed manually to
specify the number of nodes along the radial direction. The procedure is identical to that listed
above for the first region of the outer annulus. A view of the meshed first regmn in the second
annulus around the contact is shown in figure 4- 14, Note that the meshed regions of figure 4-13
are removed in figure 4-14.
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Figure 4-14
Meshed first region of the inner annulus around the contact.

Now, to mesh the remaining regions in this second annulus, no specification of nodes is
required, since the number of nodes is already defined by the meshed generated thus far, The
mesh is generated by executing macro “mesh2”. Note, however, that the image must be displayed
on the screen with an enlarged scale for the pick operation to work propetly. In the event the pick
operation fails, all the regions will not be meshed and a number of error messages may be gener-
ated. If this happens, the generated meshes may be deleted, the VIEWPORT-ZOOM option may
be used to further increase the magnification to facilitate the pick operation, and then the macro
may be executed again to perform the meshing operation.
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After the annulus is meshed successfully the “MODIFY-VISIBILITY-MESH” option is
used to remove the meshed region from the display and then the unmeshed region is further mag-
nified. Now the first annulus in the elliptical contact region must be clearly visible. The first
region in this annulus is again meshed manually so that the number of nodes along the radial
direction may be prescribed. As discussed earlier, the concentric elliptical regions are generated
such that only one node may be necessary in the present example. However, the option of increas-
ing the number of nodes is always available. The meshed first element of the contact zone is
shown in figure 4-15. |

Figure 4-15
Meshed first region of the elliptical contact,

Now the macro “mesh2” may once again be used to mesh the remaining regions of the first
elliptical annulus. The process is then repeated to mesh all the other concentric regions in the con-
tact; one annulus at a time. The first region is meshed manually and then macro “mesh2” is used
to mesh regions 2 to 16. Continued removal of the meshed regions and increase of magnification

“of the displayed image may be necessary for the macro to work properly.
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The rectangular area in the center of contact will require no specification of number of
nodes along any edge, since all definitions are complete by the meshes already generated. The
procedure for meshing these regions is, therefore, more simplified. The regions 1 to 12 (see figure
4-11) are meshed by executing macro “mesh3” and the last four regions (13 to 16 in figure 4-11)
are meshed by macro “mesh4”. This completes meshing of the top coating.

All meshes in the top coat are removed from the screen, using the MODIFY-VISIBILITY-
MESH option and the meshing process for the second coat is similarly carried out. The material
for the second coat is set to *“HardCoat” and the number of nodes along the depth of the coating is
set to 4. No other specification is necessary. The macro “mesh2” is used to mesh all the regions,
except the central rectangular regions, where macros “mesh3” and “meshd4” are used. The process
is then repeated for the substrate. The completed mesh is shown in figure 4-16 and an enlarged
view is shown in figure 4-17.

Y

A,

Figure 4-16
Fully meshed solid for the three-dimensional problem.
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Figure 4-17
Enlarged view of finite element mesh in the elliptical contact region,

The next step in the modeling process is to prescribe the restraints and applied load. Simi-
lar to the two-dimensional problem, the restraints consist of a fixed base. In the three-dimensional
problem, these are simply applied as translational and rotational restraints on the bottom surface
of the solid. Thus, if the bottom view is displayed, then the face of each region selected, via the
pick processor, and the constraints can be imposed using the “Environment” application in the
ARIES interface. This procedure is identical to that discussed above for the two-dimensional
problem,

Specification of surface loading for the (hree-dimensional problem is significantly more
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complex. Since, ARIES does not offer a piecewise linear processor in two dimensions, it becomes
essential to compute pressures on the face of every region. Such a requirement is the primary rea-
son for partitioning the contact zone into concentric elliptical regions. For an ellipsoidal pressure
profile, as defined by the equation,

p= Ja G- Eqn (4-1)

the pressure will be constant along these ellipses. In fact the normalized half widths of the concen-
tric ellipses are selected for a certain value of normalized pressure, These values, along with the
value of normalized pressure in the region are shown schematically in figure 4-18.

Normalized Normalized
Half Widths Pressures
1.0000 : | | 0as0 1
0.9539 . 0.350 -
0.9165 0.450

L 0.8660 11 0550 VA
0.8000 | _ 0.650 |
0.7141 11 o750 :j_l
0.6000 — | 0850 =
0.4359 : 0.925
0.3122 L 0970

X 0.1561 b 0,992

L_ 0.07805 0.998

Z
Figure 4-18

Normalized grid pattern in the elliptical contact zone.

With the regions defined with the above coordinates, specification of pressure in the con-
tact zone is straightforward. With the ARIES “Environment” application running, the viewport
commands may be used to display the top view of the solid at a reasonable magnification so that
all elliptical profiles are clearly visible, as seen in figure 4-18. Then using the procedures similar
to that discussed for the two-dimensional problem, a load set may be created to prescribe the var-

4-22




ious face pressures. The faces of region may be selected usin g the pick processor and the magni-
tude of pressure may be prescnbed as listed in figure 4-18. Note that the values listed in the figure
are average values using a piecewise linear variation of pressure. This will create a step-type pres-
sure variation which will be close to the true ellipsoidal distribution. Such an applied load is
shown below in figure 4-19a. ‘

Z X
Figure 4-19a
Applied ellipsoidal load and fixed base restraints for the three-dimenslonal problem.

A section of the solid in the X-Y plane, along the minor axis of contact ellipse, is shown in
figure 4-19b. The e]hpncal variation of the contact load is more clearly seen here; magmtude of
the central pressure is 1.0 GPa.
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Figure 4-19b
Section of the three-dimensional solid along minor axis of the contact ellipse.

With the applied loads and restraints prescribed and the solid fully meshed, formulation of
the problem is fully complete. Generation of loads and restraints at the nodal points is an auto-
matic step in the analysis process. The analysis is again started by clicking the “Analyze” button
under the “FEM” application in the ARIES interface. Once the analysis is complete, the results
may be examined by running the “Results” application. Again, a number of displays and plots are
available to examine the results to any desirable depth. The von-Mises stress distribution in the




solid along the minor and major axis on the contact ellipse is shown in the sectional view shown,

respectively, in figures 4-20a and 4-20b along the X-Y and Y-Z planes.
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4.3 Thermal Modeling

When the concentrated contact is subjected to a sliding interaction, in addition to the shear
stress, substantial heat may be generated in the contact. At any point in the contact if the sliding
velocity is # and the friction or traction coefficient is x, then the heat generated per unit area, g,
may be written as

q = Xpu . Egn (4-2)
where pis the contact pressure at the point in the contact region.

Thus, knowing the pressure and slip distributions in the contact, the heat flux over the con-
tact can be readily computed. For simplicity, consider the three-dimensional contact problem
modeled earlier and let the slip and traction coefficient over the contact be constant. Thus, the heat
flux over an elliptical incremental area, as shown in figure 4-23, will be given by equation (4-2)
where the pressure is computed by equation (4-1) described earlier.

Figure 4-23. Surface grid pattern for defining the heat flux,

Now assuming the central contact pressure is 1.0 GPa, a traction coefficient of 0.001 and a
constant slip velocity over the contact of 1 m/s, the heat flux in the center of contact will be 1.0 x

108 W/m2, The distribution will of course be ellipsoidal and the normalized values given in figure

430




4-18 can be readily used to compute the distribution.

The finite element modeling for the thermal problem is now straightforward. First, the
three-dimensional solid geometry is selected as the edit target in the Aries preprocessor and then
the finite element model created earlier is selected to specify the thermal loads and boundary con-
ditions. The thermal loads consist of surface heat flux. This is prescribed by picking an elliptical
ring in the contact, and then specifying the flux value as the normalized value given in figure 4-18,

multiplied by the flux in center of contact of 10% W/m2. Figure 4-23 shows the incremental area at

a normalized coordinate of 0,80 with a flux value of 0.650 x 105 W/m?. Appropriate zooming and
magnifying functions may be used while interactively picking the various areas. Specification of
thermal loading will be complete when the flux is prescribed on the entire elliptical contact zone.
Temperature boundary condition is assumed such that the temperature on bottom and side sur-

faces of the solid is 20°C, i.e., room temperature. This is done by adding *“nodal enforced temper-
atures” on an area. The entire area on sides and bottom of the solid may be picked to specify the
value of temperature at all nodes in the selected area,

Once the thermal loads and boundary conditions are prescribed, the finite element analysis
can be carried out to compute the temperature distribution in the solid, and then the mechanical
stresses generated from the thermal expansions corresponding to the temperature field. With the
Aries pre-processor to MSC NASTRAN, this is best accomplished my carrying out the analysis
manually. This permits the output to be written to a file which could be read later to compute the
resulting stress distribution. Thus, in the preprocessor, an option for manual analysis is selected
and a name for the input data file is prescribed. The analysis is now carried out manually in accor-
dance to the steps listed in Appendix B. After the analysis is complete, the results could be fed
back to the Aries database for post-processing; this procedure is also listed in Appendix B.The
resulting temperature distributions along the major and minor axis of contact are shown in figures
4-24a and 4-24b, respectively.

To compute the thermal expansion and corresponding stresses, the linear static analysis is
once again carried out. This time the restraints consists of fixed based, as done earlier, while the
loads consists of the nodal temperatures computed above. This is simply done by prescribing a
reference room temperature, 20°C, and nodal temperatures available in the results file “NAS-
TRAN.ANF” generated during the manual analysis procedure, as listed in Appendix B. Analysis
of stresses is then carried out under the expansion loads. The resulting von-Mises stresses on the
sectional planes along the major and minor axes of the contact ellipse are shown, respectively, in
figures 4-25a and 4-25b. The orthogonal shear stress along the minor axis is shown in figure 4-
25¢.

In actual system design, the above stresses may be superposed on the stresses computed
earlier due to mechanical loading, both normal and shear, on the surface to compute the overall
stresses in the coatings resulting from both the mechanical and thermal interactions. Thus poten-
tial failures resulting from combined mechanical and thermal effects can be readily identified.

Residual stresses generated in a solid as a result of thermal cycling during fabrication of

the solid is another thermal problem of practical interest. Generally, most of the manufacturing
processes used to deposit coatings on the surfaces of various components employ a rather high
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temperature environment. The mechanical part is basically heated to a high temperature and then
the coating is deposited. After the deposition process, the solid is of course cooled to room tem-
perature. When the thermal coefficient of expansion of the coating and substrate materials are
greatly different, such a thermal cycle could produce significant residual stresses in the solid,
which may affect the overall failure stresses and mechanisms when the solid is subjected to exter-
nal mechanical and thermal loads.

Modeling of this residual stress problem using the finite element procedures is indeed
quite straightforward. The three-dimensional solid and the finite element model as developed
above are selected in the Aries preprocessor and a restraint case of fixed base is prescribed. Refer-

ence temperature is now set equal to the manufacturing process temperature, say 500°C, and then

the default temperature for all the nodes is set to room temperature, say 20°C. A linear static anal-
ysis is then carried out to compute stresses resulting from the thermal expansions. The von-Mises
stresses in the sectional planes along the major and minor axes are shown respectively in figures
4-26a and 4-26b.

Since all the finite element modeling steps presented above are linear, the solutions can be
readily superposed to evaluate the combined effect. In summary, following are four parts to the
overall modeling problem:

1. Stresses due to normal contact pressure as the surface

2. Stresses due to surface shear stress due to a traction coefficient

3. Thermal stresses resulting from the frictional heat generated in the contact

4. Residual stresses resulting from thermal cycling in the manufacturing process

Modeling of each of the above problems has been discussed above. Although a very sim-
ple three-dimensional contact is considered in the present investigation, the modeling steps could
be followed for mechanical components with complex geometries, such as rolling bearings, gears
and cam followers. Stress corresponding to each effect could be first computed and then super-
posed to determine the overall effect.
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5. MODELING OF FRICTIONAL INTERACTIONS

Friction between two mating surfaces is perhaps the most significant interaction which
controls the behavior of a wide range of mechanical components. In concentrated contacts where
the relative sliding velocity is superposed on nominal rolling velocity, the resulting friction is
often referred to traction. In terms of the overall frictional forces the two terms, e.g., friction and
traction, are basically equivalent. Aside from the frictional forces resulting from applied slip or
sliding velocities, the frictional interactions may produce significant heat in the contact, which in
turn affects properties of both the lubricant and the interacting solids. In contacts with liquid lubri-
cants, the contact heat generations affect lubricant temperature, which alters the viscosity, which
in turn modifies the shear rates and traction through the lubricant film. Thus modeling the traction
problem for such contacts becomes an iterative process consisting of both thermal and mechanical
interactions. For solid films the fundamental understanding of the mechanics of friction is still in
infancy. It is the complexity associated with closely coupled chemical, mechanical and thermal
interactions, which make the problem extremely difficult to formulate. This has led to semi-
empirical approaches to modeling the frictional behavior. Friction between two mating specimens
is experimentally measured as a function of operating conditions, and then curve fitted to various
models. Such an approach, although lacking in physical understanding of the frictional mechan-
ics, provides significant guidance for practical design of mechanical components and materials
development. A wide range of experimental investigations have, therefore, been the first step in
frictional modeling. The current effort is also based on available experimental data.

Since friction is often greatly affected by thermal and chemical interactions, experimental
measurement in a controlled environment has been a difficult task and rather large scatter is com-
monly associated with most experimental investigations. While an estimate of nominal friction
coefficient as a function of the operating environment is adequate for sliding contacts, a closely
coupled traction/slip relation is required for rolling sliding contacts, where the acceleration of
rolling elements has to be computed at prescribed slip velocities. In fact, the coupling between
traction and slip, has been established as one the most important parameters which control the
dynamic behavior of rolling bearings. With such a practical significance, experimental investiga-
tions for the measurement of frictional behavior may be classified into two categories:

1. Measurement of nominal frictioh coefficient for a sliding contact.
2. Measurement of traction as a function of slip in a rolling sliding contact.

Practical applications in the first categories simply require a tabulation of friction coeffi-
cient as a function of material properties and operating conditions, such as load and temperature.
For the definition of traction as a function of slip, a more extensive modeling effort is required.
Thus most of the current effort is dedicated to development of such a model. The modeling
approach is semi-empirical where available experimental data is fitted to a model to derive a cer-
tain number of constitutive coefficients which are useful in predicting traction in a practical appli-
cation.

Traction or friction behavior as a function of relative sliding, or slip velocity, for most
lubricants, either solid or liquid, has been typically found to be similar to that shown in figure 5-1.
The traction coefficient first increases with increasing slip, reaches a maximum and then levels off
to an asymptotic value, which is often less than the maximum value. The qualitative similarity
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between the traction/slip relation for solid and liquid lubricants suggests a similar mechanism. For
liquid lubricants there have been two common models. The first model is based on the viscosity
variation as a function of pressure and temperature [15] and the observed traction behavior is
explained in terms of viscous heating of the lubricant. In another school of thought, it is postu-
lated that at the high pressures in a rolling/sliding contact, the lubricant viscosity is so high that is
behaves almost like a solid, leading to a more complex visco-elastic behavior [16]. In solid films,
it will of course be the shear through the film which will contribute to friction. Thus some similar-
ity between liquids and solids in obvious.

Traction Coefficient

Slide/Roll Ratio

Figure 5-1. Commonly observed traction slip behavior.

5.1 Friction or Traction Models

Various models to simulate the above behavior have been developed. A model based on
the viscosity behavior consists of the following fundamental equations:

Energy equation:
2
oT
Ka=™ Eqn (5-1)

Geometric compatibility:
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a— = $(t,p. T) Eqn (5-2)
Constitutive equation:

,pT) = ﬁ(—;,_ﬁ Eqn (5-3)

where K, is the thermal conductivity of the lubricant, T is the absolute temperature, T is the

shear stress, § is the shear strain rate, u is the sliding velocity, p is the pressure, | is the viscos-
ity, and z is a coordinate across the lubricant film.

Given the temperatures of the two interacting surfaces, the thickness of lubricant film and
the rolling velocity, appropriate boundary conditions may be applied to integrate the above equa-
tions to obtain a shear stress distribution over the contact, which in turn may be integrated to
obtain the total traction force. The main input is the viscosity-pressure-temperature relation,
which is commonly assumed to be of the form:

w = wyexplop +B(T,-T)] Eqn (5-4)

Here the three constitutive constants are W, the viscosity at a reference temperature, T,

o., the pressure-viscosity coefficient, and B, the temperature viscosity coefficient. These three
constitutive coefficients are computed by performing a regression fit of the model to experimental
traction data.

For the visco-elastic model the governing equation is:
1 31: ‘
$= g4 f( ) | Eqn (5-5)

Here also, there are three constitutive constants: the shear modulus G, viscosity JL, and a
critical shear stress <, , at which the viscous effect becomes significant, All the three constants
may, in general, be functions of pressure and temperature. Knowing the rolling velocity, the con-
vective derivative term can be expressed in terms of derivative with respect to a coordinate along
the rolling direction, and then the resulting differential equation may be integrated over the con-
tact to obtain a shear stress distribution.

For both of the above models Gupta, et al. [17), and Gupta [18,19,20] has analyzed a num-
ber of lubricating fluids to obtain the constitutive coefficients. The coefficients may be readily
used to simulate the traction behavior of the various lubricants. '

The primary emphasis in the present investigation is on solid films or lubricants. Although
Walowit [21] has attempted to apply the visco-elastic model to solid film, the application is quite
complex even after several simplifying assumptions about operating environment and the film
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properties. The complexity of the mode also has restrictions on use of the model for practical
application, once the appropriate coefficients have been derived from experimental data. Particu-
larly for dynamic performance simulation of rolling bearings the model has to be fairly simple
because several million traction computations may be required in order to obtain a steady-state
dynamic behavior of the bearing [22].

In view of the above complexities of solid film behavior and the required simplicity in the
model, technical approach in the present investigation is based on an empirical equation suggested
by Kragelskii {23). The traction or friction coefficient, may be expressed as a function of slide-to-
roll ratio, as:

K= (A+Bs)e+D Eqn (5-6)

where x is the traction, or friction, coefﬁcient, s is the stide-to-roll ratio and A, B, C, D are coef-
ficients, which are generally dependent on material properties and operating conditions. The
model yields a traction/slip relation of the form displayed in figure 5-1.

For rolling/sliding contacts, traction is always zero at zero slip. Substituting this condition
in equation (5-6) results in D = —A, and thus equation (5-6) may be reduced to

x=(A+Bs)e S -A Eqn (5-7)

Thus the model once again results in three coefficients, A, B, C. For a given set of experi-
mental data, these coefficients may be estimated from the following three conditions:

1. Maximum traction coefficient = x,,

2. Traction at infinite slip = x,,

3. Slide/roll at maximum traction = s,

Condition (2) above, will give A = ~x,,, which when substituted in equation (5-7) gives
traction variation only in terms of the coefficients B and C

X = (-K_+Bs)e " +x,, Eqn (5-8)

Setting the derivative of traction with respect to the slide-to-roll ratio equal to zero at

§ = S, per condition (3), and denoting the ratio g = B, will result in the following;

Sm = P ;K“ Eqn (5-9)

which when substituted in equation (4) and combined with condition (1), will result in the follow-
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ing equation for computation of B:

B+x
x, =Pe P +x. * Eqn (5-10)

With given maximum traction, and traction at infinite slip, the above equation may be
solved for B by conventional bisection, and then using equation (5) the coefficients B and C may
be computed. »

5.2 Regression Analysis for Model Coefficients
Although the above formulation provides an estimate of model coefficients based on cer-

tain limiting conditions, it is often desirable to estimate the model coefficients from regression
analysis of experimental traction data. To formulate such an analysis, two intermediate variables,

n and § are defined as
n= (-1 Eqn (5-11)

¢ =se Eqn (5-12)
Now in terms of the above variables, equation (5-7) may be written as:
X = An+B{ Eqn (5-13)
The squared deviation, L, for a set of » experimental dafa points is defined as
. .
L= Y wix-x) Eqn (5-14)
im]

where x; and x; are respectively the computed and measured value of traction at a given point
and w; are arbitrary weights assigned to the data points to control fit over the data range.

For computation of model coefficients, the squared deviation is minimized by using the
following conditions:

oL _odL _oL _ -
ﬁ‘ﬁ’;ﬁ"_o Egn (5-15)

Since the variables n and § contain the coefficient C, the coefficients A and B are com-
puted by the following linear algebraic equations, derived by setting the first two derivatives in
equation (5-15) equal to zero, for a given value of C:
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[ a n ] [ ]
2 .
2 wh, 2 wi;ml z wnx
i=1 =1 H = [i=1 Eqn (5-16)
n n 2 B n
Twin 2wk, 2wk
[i=1 inl J [i=1 J

For computation of C, equations (5-7) and (5-14) are combined to obtain the following
expanded form

n 2
L=Y w,{(A +Bs)e A - x,'} Eqn (5-17)

i=1

The nonlinear equation in C is now written by combining the above with the third deriva-
tive expression in equation (5-15)

n
g= ?TICI' =Y, w,s,{(A + Bsi)e—c" -A- K"}(A + BS‘)G_C,‘ =0 Eqn (5-18)
=1

Equation (5-18) is solved for the coefficient C by conventional Newton-Raphson iterative

method. Differentiation of equation (5-18) with respect to C, for computation of correction term,
is quite straightforward. Computation of the initial guess may be accomplished by preliminary
examination of the experimental data and by using the three limiting conditions discussed above.

5.3 Contact Temperatures

Since the model coefficients and also the material properties are temperature dependent, it
is necessary to compute the contact temperature. This may, indeed, depend on the thermal con-
straints and environment of the practical application. For the present investigation, however, a
simple conduction analysis based on the theory of moving heat sources, as documented by Jac-
ger[24] and applied to rolling bearings by Gupta [25]. Although the analytical formulation has
been well documented in reference [25), it is duplicated here, since this reference has not been
widely published. 4

Assume an elliptical contact, as shown in figure 5-2. The direction of rolling is along the
minor axis of the contact ellipse. Once, the friction coefficient and load distribution in the contact
is known, the distribution of heat generation in the contact may be readily computed.

If the contact zone is divided in incremental strips as shown in figure 5-2, then the temper-
ature distribution, T{¢y), along the rolling direction (y) is given by the equation
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T(y) = To+ I:/q—(—ﬂd& Eqn (5-19)

./__TJ

Incremental strip

\ —» y Direction of Rolling

-+ Contact zone

Figure 5-2. Contact zone schematic.

whereT, is a reference temperature and p, C, k, U are, respectively, the density, heat capacity,

thermal conductivity, and rolling velocity. The heat flux g(y) for a given pressure distribution p(y),
traction coefficient x, and sliding velocity u,, is simply written as

q(y) = xu,p(y) Eqn (5-20)

If the two surfaces are separated by a lubricant film of thickness, 4, and that the heat gen-
erated in the contacts is partitioned into the two surfaces by fractions o and (1 - o), then the
heat fluxes going into surfaces 1 and 2, as shown schematically in figure 5-3 are given by

ks
q,(y) = h (T,-T,)+ogq(y) Eqgn (5-21)

k
920 = (T =T2) + (1-2)q() Eqn (5-22)

where k  is the thermal conductivity of the fluid, or lubricant. The corresponding temperature dis-
tributions on the two surfaces, denoted by subscripts 1 and 2, may be written as
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y
1 * q(y)
T =T d§ Eqn (5-23
1) 0+J"P1c1"1U1:b y-§ 6-23)

y
1 * 45(y)
=T dt Eqn (5-24
720) 0+J"chzk2Uz:b'J}’-§ ne-24

Rolling Direction

Surface 1

Lubricant Film

Surface 2
Figure 5-3, Basic coordinates in the contact zone.

For the present investigation, temperatures of the two surfaces shall be assumed to be
equal and therefore the conduction term in equations (5-21 and 5-22) will vanish, and the heat
partition fraction reduces to '

1
o= _ Eqgn (5-25)
JTpyCik, Uy + [7Pacakals

The expression for temperature rise, AT(y) = T(y)-T, , in the contact along the rolling direc-
tion thereby reduces to

y
1 ()

AT(y) = LY g Eqn (5-26)
JTP 101k Uy + mPocaky Uy 5y =6

The above equation gives the local temperature rise over an incremental strip in the con-
tact along the rolling direction. For computation of average temperature, this equation may be

integrated over the contact area
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Toe-T, = ,—%L'r_bAT(y)dy dx Eqn (5-27)

where a is the contact half width in the direction normal to rolling.

A computer code SLTRAC is written to implement the above analysis to a concentrated
contact. Model correlations with the available experimental data are discussed below.

5.4 Model Correlations

Some of the early experimental data on traction-slip behavior of solid lubricants was gen-
erated by Winer under contract with Hughes Aircraft Company [26-27]. The overall effort was
sponsored by DARPA and the U.S. Air Force, and managed by Gardos of Hughes Aircraft Com-
pany. Typical data obtained with 52100 steel specimens with a Ga-In-W-Se, film at the interface

is shown below in figure 5-4.

Traction Contact Pressure =1 GPa
Coafficienty 0.5 Rolling Speed = 2 m/s
Op temperature = 26°

- e e vhwane

Figure 5-4, Traction behavior of 0.40 jim coating of Ga-In-W-Se; 52100 steel specimens.

The data was fitted to a simple slope and threshold value, as shown in figure 5-4, by Gupta
[28] and used in simulation of dynamic performance of a solid lubricated ball bearing. The trac-
tion slope was shown to be a critical parameter for bearing performance. A more detailed evalua-
tion of bearing performance as a function of traction behavior was carried out later by Gupta [29].
This work also highlights significance of the model discussed above for rolling bearing applica-

tion.

The data shown in figure 5-4 may be used in regression analysis outlined above to com-
pute the model coefficients, A, B and C. The results are shown in figure 5-5. Although, over the




range of slide to roll ratios, shown in figure 5-4, the normal peak in traction is not seen, the fit
between this set of data and the traction model presented above is fairly good.

Ga—-In—-WSe2 Between 52100 Steel

Ll il
ocC 1.00 2.00 3.00 4.00 5.00 6.00

SLIDE/ROLL x102

U (M/S) T (C) P (EF'A) A 8 C

&  2,000E+00 2.600E+01 1.004E+0D —1.681E-01 —9.654E+00 7.164E+01
_ 3.50
) —
= 3.5E ]

3.00 =
= = [ —
- — /
Z2.75 e—
(=] -
= P

2.50 —

1.80 = :
- 1.60E =
2 1.40 T 5
= 1.
w10 E
§ B0 E
Q .60
& .40

.20

sg

i r—- -
B \
i \
i

Figure 5-5. Model correlation with experimental traction data obtained with Ga-In-W-Se,.

A more recent set of traction data with solid lubricants has been generated by Heshmet
[30-32]. Most of this data is with a variety of solid lubricants, applied in powder form between
two ceramic disk specimens, subjected to rolling sliding interaction.

Figures 5-6 and 5-7 show correlations of the traction model with experimental traction

data obtained by Heshmet [30], with silicon carbide and silicon nitride disks in rolling-sliding
contact with no lubricant. |
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NoLub Sic/Si3N4 Disks at 30C

U (M/S) T (C) P (PA) A B C
L) 1.885E+01 3.000E+01 7.402E+08 —3.099E~01 1.453E+01 2.880E+01
=} 2.8639E+01 3.000E+01 1.005E+09 -~3,22*E-0" —-8.173E-02 §5.999E+01
o 8.00
P = =
= = /
6.00
— [—
= — / i
— , —
4.00 o
.mﬁ/‘
4.50 = I
- 4.00 E—£™
o % "
2 3.5 —he 2 B
L 3.00 < = ‘
L 2.50 i
8 2.00 t
< 1.5
2 1.00
.50
00 1 TN VO O T T R (Y 0 T I I
*L00 1.00 2.0 3.00 4,00 5.00 6.00 7.0
SLIDE/ROLL x10!
Figure 8-6.  Model correlation with experimental traction data obtalned with ceramic disk specimens

with no lubricant at room temperature.
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NoLub SiC/Si3N4 Disks at 649C
v (M/S) T (C) P (PA) A B C

a 1.88BBE+01 6.4S0E+02 7.973E+08 —4.462E-01 3I.862E+01 9.266E+O)
D 3.393E+01 B.490E+02 1.005E+09 —3.449E-01 1.0588E+01 7.556E+01
N 9.00 — T
9 = 5 //J,/A
> - /
% [ ‘/fﬁ:/*
- 7 00 [ et
5 —
wud
>

8.00

68.00
- — .

FaN
- 4.00 ? n . - =
wd 3.00 (= D, o o
8" HEH ¥
Q 2.00
as
= 1,00
00 lIIlllIlllIIIIIIl]lllllllllllll!llll
TV00 .25 .80 .78 1.00 1,25 % .50 1.75 2.0 2.25
SLIDE/ROLL x107

Figure 5-7.  Model correlation with experimental traction data obtained with ceramic disk specimens
with no lubricant at 649°C.

In the next set of experiments, TiO, powder was introduced between the ceramic disks.

Model correlations with this set of data obtained at 30 and 649°C are shown, respectively, in fig-
ures 5-8 and 5-9. During some of these tests at high temperature, some material from the Inconel
718 thermo-couple was inadvertently transferred to the disks in the midst of the powder lubricant.
This contamination did not seem to affect overall traction. Model correlations with this set of data
are shown in figure 5-10.
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TiO2 with SiC/Si3N4 Disks at 30C

u (M/S} T (C) P (PA) A B c

o 1.885E+01 3.000E+0t1 7.402E+08 —-3.516E-01 4.620E+00 1.037E+01
o 1.885E+01 3.000E+0! 1,005E+09 ~1,50'E-01 1.201E+00 2.018E+00
- 1.60 .
(= = |
» d 1
120
e — e
g s PO ol
i &
[
zZ w0
l
= i

.00 .

5.00
- 4.5
S 4.00
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w 300 la—‘%._!\w
w /E’
Ld 2.50 e —
[=] bl ﬁ
© 2.00F
Q B
< 1.50E
& 1.00

.50

oy "IN I N T I

i vT¢] .40 .80 1.20 1,80 2.00 2.40 2.80

SLIDE/ROLL

Figure 5.8.  Model correlation with experimental traction data obtained with ceramic disk specimens

with TiO; powder lubricant at room temperature.
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TiO2 with SiC/Si3N4 Disks at 649C

u gmt/s) T (C P (PA) A B c
1.885E+01 6.490E+02 7.973E+08 ~1.882E-0" 6.980E+00 8,938E+00
1.885E+01 6.490E+02 1.005E+09 "~ .873E-0" 2.082E+01 1,59 E+01

7,10.00__ : 1 |
= — i -
:900— _*_-&-‘;'?——M
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Figure 5.9,  Model correlation with experimental traction data obtained with ceramic disk specimens
with TIO; powder lubricant at 649°C.
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TiO2_Inc with SiC/Si3N4 Disks at 649
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Figure 5-16. Model correlation with experimental traction data obtained with ceramic disk specimens,
contaminated with Inconel 718, with TIO; powder lubricant at 649°C.

The results obtained with boron nitride powder [30] are shown in figures 5-11 and 5-12. A
fair amount of data was also generated with the popular molybdenum disulphide [30], these
results are shown in figures 5-13, 5-14 and 5-15.
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BN with SiC/Si3N4 Disks at 30C
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Figure 5-11. Model correlation with experimental traction data obtained with ceramic disk specimens
with boron nitride powder lubricant at 30°C.
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BN with SiC/Si3N4 Disks at 649C

u (M/S) T (C) P (PA) A B C
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Figure 5-12. Model correlation with experimental traction data obtained with ceramic disk specimens
with boron nitride powder lubricant at 649°C.
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MoS2 with SiC/Si3N4 Disks at 30C

U (M/S) T (C) P (PA) A =) c
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Figure 5-13. Model correlation with experimental traction data obtained with ceramic disk specimens

with MoS;, powder lubricant at 30°C,
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MoS2 with SiC/Si3N4 Disks at 427C

U (M/S) T (C) P (PA) A B c
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Figure 5-14. Model correlation with experimental traction data obtained with ceramic disk specimens
with MoS; powder lubricant at 427°C,
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Figure 5-15. Model correlation with experimental traction data obtained with ceramic disk specimens

A final set of data with powder lubricants was obtained with zinc oxythiomolybdate
(ZnMo0,S,) between a pair of silicon nitride disks. These results are shown in figure 5-16.
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ZnMo02S2 with Si3N4 Disks
u (M/S) T (C) P (PA) A B C
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Figure 5-16. Model correlation with experimental traction data obtained with ceramic disk specimens
with ZnMoO,S, powder lubricant at 30 and 585°C. :

In a very recent investigation, Kukureka, et al. [33], have investigated rolling-sliding con-
tact between polymeric disks. The material is commonly known as POM, polyoxymethylene (ace-
tal) or polyamide (nylon) and it is commonly used for gears. The experimental data reported in
this investigation is correlated to the model in figure 5-17. Note, that the temperature calculations
are subject to error due to uncertainty in material properties, although the traction correlations are
unaffected by any materials constant.
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POM Disks at Room Temp
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Figure 5-17. Model correlation with experimental traction data obtained with POM disk specimens.

During a course of development of a high-temperature solid lubricated ball bearing, Gal-
bato [53] has carried out traction tests using a K162B (TiC) balls on a silicon nitride flat disk with
a number of different lubricants. All these tests were done in a rolling/sliding type of environ-
ment. A typical data set with unlubricated contact is correlated in figure 5-18, Here the role of the
oxidized surface of the ball at high operating temperature is examined. The model, indeed fits the
data well. There may be some uncertainly in the operating conditions and materials property data;
however, this will affect only the computed temperatures in the contact.
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TiC Ball/Si3N4 Disk at 538C
u (M/S) T {C) P (PA) A B c
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Figure 5-18. Model correlation with experimental traction data obtained with K162B (TIC) ball and
silicon carbide disk specimens at high operating temperature.

All of the above correlations demonstrate the practical significance of the mode! in pre-
dicting traction in a given application. The model coefficients, A, B, and C are derived from the
regression and correlation of experimental data, as discussed above, and then equation (5-7) may
be applied at prescribed operating conditions to predict the traction coefficient.

Clearly, there is a need for more experimental data, particularly with coated solids.
Although a number of experimental investigations have been carried out with coated specimens,
the friction measurements have been restricted to just measurement of an overall friction coeffi-
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cient after sliding the specimens against each other for a set time or duty cycle. This data may be
useful in applications where the concentrated contacts are subjected to rather large sliding veloci-
ties. Por rolling/sliding contacts, however, experimental variation of traction with slip velocities is
required.

5.5 Nominal Friction Values for Some Materials

The pin and disk type of friction testers, and other variations, have been employed for fric-
tion measurement over several past decades. A detailed review of these investigations is indeed
beyond the scope of this investigation. However, some of the very recent data is documented in
table 5-1. The nominal friction coefficients compiled in this list will provide some practical guid-
ance for the design of mechanical components with concentrated contacts subject to sliding inter-

action.

Table 5-1: Nominal Friction Values for Some Materials

5-24

S e e ]
Materials Operating Conditions Range of Reference
Friction
Coefficients
Corundum against TiN, 5N load, and 0.1 m/s slid- 1.0-1.20 | Vancoille,et
(Ti,Nb)N and (Ti, AN ing speed al. [34]
coatings
Corundum against Ti(C,N) | 5N load and 0.10 m/s slid- | 0.10-0.20 Vancoille, et
' coating ing speed al, [34)
SizN4/SiC disk against Room temp, Pin dia =9.35 | 0.40-0.60 Yust &
SiC and Si;N, pins mm, Loads = 1-10N, Slid- DeVore [35]
ing speed = 0.10 m/s
SizN4/SiC disk against Loads = 1-10N, Reciporat- | 0.080-0.10 Yust &
SiC and Si3N pins ing sliding, 0.10 m/s DeVore [35]
with 5W30
Si3N4/SiC disk against Loads = 80-300N, Unidi- | 0.015-0.020 Yust &
| SiC and Si;N, pins rectional sliding 0.10-0.30 DeVore [35]
‘ with SW30 m's
Cry04 Coatings with paraf- | Block and ring specimens | 0.0800.12 | Wei, etal.
fin oil and additives Load = 539N, Sliding [36]
Speed =0.51 m/s
Steel ball with Ti and TIN | Coating thickness = 20-74 ~0.40 Kaneta, et
coatings against aluminum pum, Load = 98N al. [37]
disk




Table 5-1: Nominal Friction Values for Some Materials
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" Materials - Operating Conditions Ra_r-l-ée of Reference
Friction
Coefficients
Amorphous Hydrogenated Low humidity, contact 0.05-0.16 Gango-
Carbon Films on Silicon | stress 0.83-1.66 GPa, Slid- padhyay, et
: ing speed 0.03-1.0 m/s al. [38]
Carbon Nitride films on Load = 3.36N, sliding 0.16-0.20 | Chenetal
Zirconium Speed =32 mm/mn [39]
Carbon Graphite Materials | Oscillating pin/disc, Load | 0.10-0.25 Blau and
against M-50Steel and = 25N,sliding speed 0.10 Martin [40]
NBD 100 Silicon Nitride m/s
ZrO, on ZrO, Op temp 23-250 °C 0.14 Ajayi, et al.
with Ag and Au films Cont Stress 208 Mpa 0.050 [41]
with Nb films Sliding 0.050 m/s 0.14
440C ball against Metal Ball Dia 3.125 mm Prasad and
Matrix Composite Load 0.2 N, Sliding 0.2 m/s Mecklen-
Polished Disk 0.4-0.5 burg [42]
Etched Disk 0.15-0.18
MoS, in Air 0.16-0.18 Roberts
in Partial Vacuum 0.05-0.10 [43]
in Vacuum 0.003-0.01
TiN Films Thrust Washer Tester 0.35-0.52 | Guy,etal
Load 222N, sliding 0.7- [44]
| 1.40 m/s
| Steel Pins of Silicon 200°C 0.75 Childs & .
[45]
Bonded MoS, Films in Slid/Roll 0-1.0 0.10-0.15 | Endo,etal
rolling/sliding contact Cont Stress 520 MPa [46]
Cy0 Films on Si substrate 3.175mm ball, Load 2.5 0.50-0.90 | Zhao,etal.
against 440 SS ball gm, Sliding 1.40 cm/s {47]
Gold & Silver Coatings on 3.2 mm dia balis 0.10-0.20 Jang and
silicon again 52100 Steel 1-100 gm Load Kim [48]
balls




Table 5-1: Nominal Friction Values for Some Materials

[ Materials Operating Conditions Range of Reference
Friction
Coefficients
Coated TiN Couples Dry Air 0.10-0.80 | Santner,et
Dry Nitrogen 0.20-0.30 al. [49]
Humid Air 0.080-0.10
Boron Nitride Films on Sil- | Reciprocating Tribometer | 0.045-0.065 | Watanabe,
icon against Diamond pins | Pin radius 0.25-1.0mm | Lower fric- | etal.[50]
Load 0.10-0.90 N, Sliding tion at
1.67 mm/s higher load
Steel ball on (TiAI)N Coat | Load 5-20N, sliding 0.05 0.60-0.75 Huang, et
Steel ball on TiN Coat t0 0.25 m/s 0.50-0.60 al. [51]
Steel ball on CrN Coat 0.35-0.55
M-50 vs NC-132 Ball and Disk, Sliding 0-13 { 0.60-0.80 | Bandow, et
cm/s, Stress 0.70 t0 1.7 al. [52]
GPa, Temp 316 °C

In addition to the above data, friction behavior as a function of slip rate has been investi-
gated for varying loads and operating temperatures for a number of solid lubricants in a number of
programs aimed at development of solid lubricants for rolling element bearings [53-55]. Galbato
(53] has documented maximum traction coefficients with silicon carbide and silicon nitride speci-
mens with no lubricant and also with a number of solid lubricants including, Graphite,
Cs,MoOS3, ZnMoO,S,, and BaF,/CaF,Ag. The behavior of ZnMoO,S; powder between
ceramic specimens has been more recently examined by Trivedi an Gerardi [54]. Lahrman, et al.
[55], have report traction coefficients at 2% slip as a function of temperature with M50 steel balls
against M50 disks, M50 balls against Silicon Nitride disks, and Silicon Nitride balls against Sili-
con Nitride disks, under no lubricants, and with Graphite and MoS, mixture, Cesium Oxythiomo-

lybdate and Zinc oxythiomolybdate lubricants. This data was also obtained for design guidance
for solid lubricated rolling bearings.

5.6 Other Models for Frictional Interactions

While the traction models and nominat friction coefficients presented above provide
design guidance for practical components, a few of the recent investigations have been dedicated
to the enhancement of physical understanding of frictional interactions. Komvopoulos [56,57] has
postulated that frictional resistance between two interacting surfaces could be divided into the
elastic and plastic components of deformation of interacting asperities. Thus, if o represents the
fraction of real to apparent area of contact, then the overall friction coefficient, x, may be defined
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X = oK, +(1-0)x, Eqn (5-28)

The friction component, k. depends on the lubricant shear behavior and elastic properties
of the interacting surface, while the plastic component, k,, depends on the plastic properties of the

surface, such as shear strength, strain hardening effects, and interfacial shear stress resulting from
adhesion and lubricant effects. The determination of fractional real area of contact, 0., is a difficult
task, particularly due to the complexities associated with the sliding process. Aside from the slid-
ing mechanism, topographic description and characterization of the surfaces becomes a major
input. In some earlier works the terms, “Plasticity Index” introduced by Greenwood and William-
son [58], and “Topographic Index” introduced by Gupta and Cook [59], provide some guidance
for elastic and plastic contacts between rough surfaces. Elastic and plastic contacts of interacting
asperities have also been modeled by Gupta and Cook [60]. In a more recent investigation Zhang
and Kato [61] have further implemented the statistical aspects of rough surfaces into the basic
model for frictional interaction proposed by Komvopoulos [56,57]. Friction and wear models
based on statistically distributed contact spots, formed by interacting asperities, have also been
presented by Zhao and Liu [62]. This work also considers some chemical aspects by dividing the
stochastically distributed contact spots into three categories: oxide-oxide, metal-metal and metal-
oxide. The friction force is computed by the interfacial shear stress for these three types of con-
tacts and their respective areas of contact. While investigating the behavior of Teflon transfer films
in rolling bearings, Dareing [63] has presented a model for computing traction coefficients from
elastic deformation in the transfer film, the surface coating and the substrate.
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6. WEAR MODELING

Over the past several decades, a rather vast amount of tribological literature has been
devoted to the fundamental mechanics of wear and development of models for the prediction of
wear rates in mechanical components. A fair review of this literature is clearly beyond the scope
of the present discussion. Only a few of the investigations, which have direct relevance to the
technical approach presented in the next section, are discussed below. Perhaps, some of the well
established texts, such as [23,64], may be referred to for a more complete listing of the early
works.

Wear in mechanical components subject to sliding interaction has been known to be a very
complex phenomena. Aside from the mechanical deformation of surfaces, the friction at the inter-
face generates heat, which often alters the tribological characteristics of the surfaces and thereby
affect the wear rates. Similarly the operating environment may promote chemical processes which
alter the surface properties and therefore affect the friction and wear behavior. Due to such com-
plexities in the mechanics of surface interaction, the development of a universal wear model has
been a very difficult task. In fact, even well controlled experimental investigations have often
failed to produce repeatable results, primarily due to difficulties in controlling all the significant
variables. This results in a rather large scatter in experimental wear data which makes even the
task of curve fitting & model a difficult one. The more fundamental investigations aimed at under-
standing the mechanics of wear do result in technically sound hypothesis, but again due to uncer-
tainties in the operational and materials variables, they remain quite weak for prediction of wear
in actual practical application. Wear experiments under simulated conditions, have therefore been
an integral part of every materials development project. :

The objective of this investigation is to formulate a semi-empirical model which integrates
the mechanical, thermal and chemical interactions. Rather than modeling the fundamental
mechanics of the wear process, the emphasis here is to develop an empirical wear equation which
could be used for wear prediction with reasonable caution. The approach is no more than curve
fitting of experimental data, as done for friction modeling in the preceding chapter. Similar to the
friction model, the wear equation has certain constants which may be computed by regression
analysis of experimental data. Unlike the friction or traction problem, however, the difficulty in
wear modeling is that the term, “wear coefficient,” is not as well established as the friction or trac-
tion coefficient. Furthermore, most of the experimental data available is of qualitative form, such
as, size and shapes or wear scars, SEM and Auger studies of wear surfaces, the change in surface
characteristics due to wear, etc. Whatever quantitative data consisting of wear volume or mass as
a function of operating variables is available, it has a rather large scatter, which may permit a fit
with many hypothetical models with equal confidence. Thus, the present investigation is restricted
to a qualitative comparison of the proposed wear model with available experimental observations,
and a rigorous computation of model coefficients is deferred until more experimental data
becomes available. Although, due to uncertainty in the coefficients, the model will not have
immediate design significance, it will certainly provide some guidance for formulating experi-
mental investigations required for materials development for a given application. Hopefuily, with
the continued growth of the experimental investigations, a reliable database for model coefficients
for prediction of wear may be established, as it is presently done for prediction of friction.
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6.1 Proposed Wear Model

The starting poiht for most of the wear models is generally the simple wear equation,
where the wear volume, w, is directly proportional to the applied load, @, and sliding distance,
L, and inversely proportional to the hardness, H. Symbolically,

W m K%-L Egn (6-1)

where K is a proportionality constant.

In the above fundamental equation, sometimes the sliding velocity, V. = L/t may be used

in place of the sliding distance to obtain volumetric wear per unit time, W = w/1, and the wear
equation may be written as

w = kY : Eqn (6-2)

By analyzing interactions between micro asperities, Archard [65] has shown that if k is the
probability of a wear fragment being formed, when two spherical asperities interact with each
other, then the proportionality constant X in the above equations is found to be equal to k/3. With
such a physical significance, the coefficient X is commonly referred to as Archard-type wear coef-
ficient.

With equations (6-1) or (6-2) as a starting point, there has been a rather large number of
investigations dedicated to the more extensive physical significance of the wear coefficient. Also,
varying amount of regression analysis has been used to improve the fit between experimental
wear data and a wear rate relation, similar to equation (6-2). The works by Mecklenburg [66], and
Meeks and Bohner [67], present some examples of power law variations, rather than direct pro-
portionality. In a very general form such a relation is written as

Qa yb

W=K S
H

Eqn (6-3)

where, a, b and ¢ are exponents to be determined from regression analysis of experimental wear
data. Also, the values of these exponents may be constrained to keep the wear coefficient dimen-
sionless. Clearly, when all exponents are equal to one, the wear rate equation reduces to the basic
Archard-type relation.

In all of the above type of wear equations there is no direct input for temperature, and wear
is basically postulated as a mechanical phenomena. With modern development of composite
materials and solid lubricants for use in high-temperature environments, however, thermal interac-
tion and its effect on friction and wear has become a subject of significant interest. Some friction
and wear experiments have been conducted as a function of temperature, although the available
data is too little for development of a model. Aside from the overall operating temperature, the
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interfacial temperature rise, resulting from friction, has been known to alter the tribological
behavior of interacting surfaces. The interfacial temperature affects both surface friction and
stress distribution in the solid. In addition, the properties of some of the modern materials are tem-
perature dependent. Based on such an understanding, dependence of wear rate on temperature is
very logical question. ‘

Wear of cutting tools, where a concentrated sliding contact is formed between the tool sur-
face and the chip of material being cut, has been shown to strongly depend on the contact temper-
ature. Again, there is a large amount of literature available on this subject, the early works by
Cook and Nayak [68], and Gupta [69], are just two examples. Here the wear process is considered
as a thermally activated phenomena, where the wear rate, W, is written as

W = W, e ®/(RD) Eqn (6-4)

Here R is the universal gas constant, T is the absolute temperature, and @ is the activation energy.

In more recent investigation, Gautier and Kato [70] have related the wear phenomena to
the frictional dissipation represented by xQV, where xis the effective friction coefficient. Van-
coille, et al. [71], have applied the thermal activation principal, similar to equation 6-4, to sliding
wear of TiN coatings. The wear process has also been related to oxidation of the surfaces, which
is a thermal phenomena. Kukureka, et al. {33], while studying wear of polyoxymethylene (POM)
surfaces have shown that the wear phenomena changes mild to severe as the temperature at the
surfaces rises above a certain level. Pathak, et al. [72], have parametrically measured wear of
bearing alloys, as a function of composition, applied load and sliding velocities; they have shown
that the contact temperature depends on the test conditions and amount of cadmium in the alloy.
Thoma [73] and Suzuki, et al. [74] have shown that the wear rates for the materials tested reduce
to a minimum value, before they increase with increasing temperature.

Based on the above investigations, it is clear that the thermal impact on wear is more com-
plicated than the mechanical counter part, where the wear is proportionally related to loads and
sliding velocities. If wear is related to chemical reaction of surfaces as a function of temperature,
and the property distribution in the sliding contact, then it is quite reasonable to assume that more
than one phenomena will contribute to wear. Such a speculation is similar to what has been done
in modeling friction of rough surfaces [56-62]. Also, Ramesh, et al. [75], while investigating wear
of composite coatings have considered the wear process in terms of four different mechanisms,
which are grouped into two categories: wear due to pure sliding and wear resulting from all other
mechanisms. We can postulate that the total wear rate in the basic wear equation [6-2] may be par-
titioned into several parts, with each part representing a given mechanism. Symbolically, the wear
equation may then be written as

n
w=>YWw Eqn (6-5)

In the above equation, the first partition may represent Archard-type wear, while the other
partitions may be thermally activated according to the relation of the type shown in equation 6-
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4). Furthermore, in the thermal activation equation, it may be more convenient to express the tem-
perature as a temperature difference, rather than absolute temperature, also this difference in tem-

perature may be scaled relative to a reference temperature. Thus, if T, is a reference temperature
and T is the absolute temperature, then we may define a dimensionless temperature,

T-T
™ = 4 Eqn (6-6)
TO
and the thermal activation process may be written in the form:
W = W e T Eqn (6-7)

Now in equation (6-5) if we assume the first term, { = 0, to be the Archard term, the
remaining terms, i = 1, n, to be thermally activated per equation (6-7), then combination of
equations (6-5) and (6-7) will yield:

n
W= I-(—HQ—K[% +‘21a,e°"] Eqn (6-8)

Here we have dropped the asterisks on & and 7 for brevity. Also, the reference tempera-
ture T, in equation (6-6) may be defined such that at this temperature the total wear reduces to

the Archard-type equation, Thus, at 7 = 0, equation (6-8) should reduce to equation (6-2).
Hence

n
G,+ 3. a;=1 Eqn (6-9)
im]

Now combining equations (6-8) and (6-9) to eliminate a,,, and scaling the wear rate rela-
tive to the Archard-type wear at temperature T = 0, yields

W = I?P_V_ = [l— Za,]+‘21a‘e a Eqn (6-10)
H =

Finally, by dropping the asterisk, once again, the final form of the wear model may be
expressed as a dimensionless wear equation:

= (1— Za,)+ Za,e T Eqn (6-11)

im]
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For practical application of equation (6-11) note that the dimensionless wear rate is a ratio
of actual wear rate to the Archard-type wear rate at the selected reference temperature, at which
all exponential temperature terms are unity. In most wear experiments the data is presented in
terms of wear volume per unit load per unit sliding distance and the Archard-type wear rate in
equations (6-1) and (6-2) is written as

WS —=— = — = — Eqn(6‘12)

Thus, the normalizing Archard-type wear rate can be either in the common units of wear
volume per unit load per unit sliding distance, or in terms of wear volume per unit time. When
correlating the model to the experimental data, the measured wear rates in either units are con-
verted to ratios, using the base as Archard-type wear rate at the reference temperature.

Clearly, extensive experimental investigations are required to physically substantiate the
above wear model. At present, the model is no more than an algebraic equation which could be
used to correlate any available experimental data. Such correlations, although lacking physical
justification, they may offer significant potential for practical design and materials development.

6.2 Model Correlations

For the present investigation, the small amount of data obtained by Thoma (73] and
Suzuki, et al. [74] is used to just validate the model significance by showing a somewhat qualita-
tive comparison between the model and experimental observations. Both sets of these data show

that the wear rate reduces to a minimum at about 200°C, and then increases with increasing tem-
perature, The general form of the wear-temperature curve resembles a hyperbolic cosine function.
Such an observation immediately suggests using two terms in equation (6-11). Symbolically,

W= L+ag e = 1) +ay(e” - 1) Eqn (6-13)

For the data obtained by Thoma [73] for titanium alloys, model correlations are shown in
figure 6-1. Note that since the number of data points available are not adequate to perform a
detailed regression analysis, &, and ¢, are set equal to +1 and -1, respectively. This will give a
hyperbolic cosine variation if the coefficients @, and a, are equal. However, these coefficients
are calculated by fitting the modet at the first and last point in the experimental data set, The refer-
ence point was selected at 200 °C where the wear was minimum. The computed values of the
coefficients are documented in the legend in figure 6-1. Also documented in the figure are the

wear quantities at reference temperature, in units of wear volume per unit load per unit sliding dis-
tance, and the value of reference temperature.

Correlations of the model with the data obtained by Suzuki, et al. [74] with a composite
material are shown in figure 6-2. The data was obtained with a composite pin against an M50 steel
disk. The base composite material consists of 80% MoS; + 10% MoO, + 10% Nb. In the second

set, 5% 304 steel was added while MoS, was reduced to 75%. Again, due to a limited number of
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data points in the curves, the procedure discussed above is used to compute the coefficients. The

reference point was again selected at 200 °C at which the wear rates were minimum and maxi-
mum, respectively, for the two data sets shown in the figure.

Indeed, the correlations of the model to both the above experimental data sets are quite
encouraging. When applying the computed coefficients to a practical application, it must be
remembered that the wear rate in equation (6-12) is in dimensionless form. It must be multiplied
by the wear rate at reference temperature to get the actual wear rate. These reference wear rates
are documented in the data correlation plots in figure 6-1 and 6-2. Also, care must be used when
extrapolating the model beyond the range of experimental data. This is particularly significant
when the wear rate is maximum at the reference temperature and it reduces with both lower and
higher temperatures, as shown in the second data set in figure 5-2. The extrapolation may yield a
negative value which has no practical significance.

Similar to the approach used in friction model, equation (6-11) may be fitted to a set of experi-
mental data to derive the various coefficients by regression. Although the amount of data pres-
ently available is not adequate to perform a rigorous correlation of the model, it is anticipated that
with increasing interest in high-temperature data the required wear data as a function of tempera-
ture may soon become available.
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7. MODEL INTEGRATION AND DESIGN GUIDANCE

Once the basic models for stresses, friction and wear have been developed, they may be
applied, in an integrated fashion, to obtain practical design of mechanical components. Although
the models presented in preceding chapters require additional experimental validation and corre-
lation, for the purpose of discussion in this chapter let us assume that the models have been fully
validated and are available for design purposes. Then the design of a tribological design of a com-
ponent shall consist of the following steps:

1. Determine the operating environment

2. Component analysis

3. From tribological behavior of the materials select potential materials
4, Perform stress analysis to determine coatings thicknesses

S. Predict friction and interfacial temperatures

6. Go back to the stress model and recompute thermal stresses

7. Compute wear rates and life over prescribed duty cycles

7.1 Operating Environment

Normally a systems analysis, which is not a part of the present model development, is
required to determine the operating environment the particular component shail be exposed to.
For example, for the design of a rolling bearing, the operating loads, speeds, temperatures, stiff-
ness and life requirements have to be determined by carrying out an analysis of the entire system.
Depending on the application, such an analysis may be quite cumbersome. If the anticipated oper-
ating conditions cannot be easily determined, it may suffice to determine an envelope of condi-
tions which include the anticipated conditions.

7.2 Component Analysis

After establishing the range of operating conditions, a component model may be
employed to parametrically evaluate component performance as a function of tribological behav-
ior. For rolling bearings, this will constitute overall bearing behavior as a function of traction at
rolling element to contact contacts, and friction at the cage contacts. Such a parametric evaluation
shall provide a range of desirable tribological behavior for acceptable component performance.

7.3 Potential Materials

Databases for available materials may then be searched to select potential materials. This
will include selection of base materials, any potential coating materials and lubricants. In the
event the existing materials do not meet the desired needs, the parametric studies in step 2 shall
provide guidance to the materials scientist for the development of new materials. In this case, it
will also be necessary to carry out the basic friction and wear testing to estimate appropriate coef-
ficients of the friction and wear models outlined in the preceding chapters.




7.4 Stress Analysis of Coatings

After establishing the potential materials, the stress model may be used to compute
mechanical stresses in the coatings and at the interfaces between coatings and coating and sub-
strate. The computer code LAYER, presented earlier, shall be very effective in carrying out this
task. Of course, LAYER is a plane-strain model; it will, therefore, model only two-dimensional
contacts. In the event the contact geometry is such that a full three-dimensional treatment is nec-
essary, then using the finite element models will be more appropriate. These techniques for & sin-
gle concentrated contact have been discussed earlier in chapter 4.

7.5 Surface Friction and Thermal Dissipations

The friction models may now be used to estimate surface shear stresses and energy dissi-
pation in the rolling sliding contacts. Since the component performance is often sensitive to the
frictional behavior, it may be necessary to perform the component analysis again to determine the
slip patterns and overall thermal dissipations in the contacts.

7.6 Combined Mechanical and Thermal Stress Analysis

Coating stresses are now updated for the frictional and thermal contributions. For surface
friction the boundary loading may be prescribed as surface shear in both the two-dimensional
analysis in LAYER and in the more generalized finite element model. The stresses computed in
the coatings will eventually have to be superposed on the stresses computed earlier under normal
loading. Before, such a superposition, however, the finite element model may be used to model
the thermal problem. This will be a two step process: first the temperature distribution in the solid
is estimated by prescribing a surface heat flux, then the thermal stresses resulting from the temper-
ature field are computed. Here variation in thermal coefficient of expansion of the different coat-
ing materials shall also be taken into consideration. In addition to these stresses, there may also be
residual stresses in the coatings resulting from the fabrication process if the material deposition is
carried out at a high temperature and the solid is subsequently cooled. This can also be easily
accomplished by the finite element model as illustrated in chapter 4. Total stresses in the coated
solid, therefore, consist of the following four components:

a. Stresses due to normal loading on the surface

b. Stresses resulting from surface shear stresses due to friction

c. Thermal stresses resulting from frictional dissipation on the surface
d. Residual stresses arising from the coating deposition process

All of these components of stresses may be linearly superposed to determine the total

stress field and thereby evaluate possible failures of coatings. The output post-processors in the
finite element package provide the tools for convenient superposition of various solutions.

7.7 Analysis of Wear and Component Life

The final step in the design process will be model wear based on the wear models pre-
sented in the preceding chapter. These models for a given contact will have to be incorporated in
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the component model to compute overall wear as a function of applied conditions. As the materi-
als at the various contacts wear, the coating thickness will reduce and in the event of active chem-
ical processes during wear, the mechanical properties of the coating may change as well. This will
require recomputation of stresses. If the stresses resulting of these modified coating thicknesses
and properties indicate potentials for failure, then the amount of time it takes for the wear process
to produce these critical conditions will define the wear life of the component. For applications,
such as rolling bearings, the changing clearances, resulting from the wear process, may trigger
certain instabilities which may lead to potential bearing failure [76]. In such an event the time
required for the wear process to produce the critical change in clearances shall define wear life of
the bearing.

Based on the above discussion, figure 7-1 schematically outlines the integrated modeling
approach. It is clear that in addition to the three basic tribological models formulated in this inves-
tigation, models for system analysis and overall components performance are integral parts of the
development process.
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8. RECOMMENDATIONS FOR FUTURE DEVELOPMENT

Models for prediction of stresses, surface friction, and wear of solids subjected to sliding
or rolling/sliding interaction have been developed in the present investigation. The stress models
are based on well established theories of applied mechanics and techniques for finite element
modeling. They are therefore quite strong in predictive capability. The only limitation is that the
materials have been assumed to be homogeneous. When applying tHese models to practical prob-
lem, the only uncertainties will be in terms of materials properties and input operating conditions.
The friction model consists of an empirical equation which can be curve fitted to experimental
data to derive the significant model coefficients. Model correlations have been performed with
some experimental data, however, there is a need for further validation. In order to model wear, a
multi-process model is postulated where one of the wear processes consists of conventional
Archard-type wear while other processes are thermally activated. The model shows strong poten-
tial for correlating experimental wear-temperature data which cannot be treated with conventional
models. Although correlations with two sets of available experimental data show reasonable fit to
the model, more extensive experimental work is required before the model can have acceptable
design significance. On the whole, it is anticipated that the following development will enhance
the models developed under the present investigation:

1. Traction experiments using a rolling/sliding type of contact are required for the newly
developed high temperature materials and lubricants. The experimental data should include trac-
tion as a function of slip rate with prescribed rolling speed, contact load and nominal temperature.
Such data when correlated with the model developed herein, will result in a coefficients database
which can be readily applied to the design and performance simulation of mechanical compo-
nents, such as, rolling bearings and gears.

2. Pin and disk types of friction tests should be run at sliding speeds higher than the values
reported in the literature (generally less than 1 m/s). This will permit realistic modeling of sliding
contacts, as encountered in ball/cage interactions in a ball bearing.

3. Carefully controlled pin and disk type of experiments can also provide wear dataas a
function of operating loads, speed and temperature. Such data when correlated with the multi-pro-
cess model developed in the present investigation will result in a wear equation with good predic-
tive capability. '

4, A thorough microscopic examination and chemical analysis of the worn surfaces may
provide valuable insight into the most dominant processes of wear, and thereby provide physical
justification to the correlated coefficients of the model.
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Appendix A
Macros for Building the Coated Solid

A.1 Macro “startup”

/* This macros setup the starting variables */
setup
coordsystem
axis

unit

length

m

force

n

mass

kg
temperature
c

energy
joule

priiiiiii
axis
align
to_global

R
L I A A A

quit

A.2 Macro “solid2d” :

/* This macro creates the 2d solid for plane strain problem */
/* =-~=-- name of solid -=---*/

prompt “Enter name of solid”

input_string $b

/* ---- contact half width ---~ */

prompt “Enter contact half width *

input $a

/* ~--- gize of solid ----- */

$x = 10.*$a

$y = $x

$z = %Sa

[* —=—== frac of half width for fine mesh ----- */
prompt “*Enter fraction of half width for fine mesh *
input $f :

/* _______________ */

axis

move




to_point
digitize
-$x/2. Sy/2. 0 v 1
quit
/* --- base golid ---- */
edit
edit_target
$b
H
quit
add
solid
box
at.axis
ax
$x
ay
-Sy
az
-5z
/% === construct contact region ---- */
axis
move
to_point
digitize
($x/2.-8a*(1.+$£)) 0.001 -$z-0.001 v 1
quit
add
solid
box
at_axis
ax
2.%*Sa*(1.+8£)
ay
-$y-0.002
az
$z+0.002
[N AN A
quit
construct
region
solid_cut

s 60
1t




[* =me——— construct sub regions near edge of contact ---- */
for ($i=1; ($i<3); $i=$i+l)

axis

move

to_point

digitize

$f*$a 0 0 v 1
I )
quit
add
solid
box
at_axis
ax
2.*%*Sa* (1. +$£-$£*$1)
quit
construct
region
solid_cut
iii
end_for
2
axis
move
to_point
digitize
-$x*0.50+%a-$£*$a-0.001
quit
/* --- regioning for layers */
prompt *Enter first coating thickness to half width ratio”
input $h
Shs=%$h
while ($h > 0.)
add
solid
box
at_axis
ax
$x+0.002
ay
$y-$hs*$a+0.001
az
$z+0.002

move axis to bottom of solid ---- */

-$y-0.002 0 v 1




i
qQquit
construct
region
solid_cut
quit ‘
prompt “Enter next coating thickness to half width ratio (0. to
terminate) ,
input $h
$hs=$hs+$h
end_while
/* ---- get axis to center of contact zone ----*/
axis
align
to_global

t

move
to_point
digitize
0 0.50*$y 0 v 1
view
show
dimetric
HE R
view
show
front
IR
quit
quit
quit
qQuit

A.3 Macro “ell_pres”

/* Macro to prescribe elliptical pressure variation */
prompt * Enter maximum pressure *

input $p :

prompt * Enter contact halfwidth *

input $a

interpolation

piecewise_linear

number_of_values

25

A4




WVOoOo~TOWUd W=

XXM MNNMNXX
1
o

MM K XN RNKNNKHEXNNX

POOOOOOO0OOO0OO

<
&
5

VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE
VALUE

.00*$a;
.95%S8a;
.90*Sa;
.85*Sa;
.80*Sa;
.70*S$a;
.60*S%a;
.50*8a;
.40*%a;

.30*%S5a;
.20*%a;
.10*$5a;

H
0.10*$%a;

.20*%8a;
.30*%a;
.40*8a;
.50*$%a;
.60*S%a;
.70*8a;
.80%*%a;
.85*S5a;
.90*%a;
.95*8a;
.00*5a;

0.;

.3122*8p;
L,A359*3p;
.5268*$p;
,6000*5p;
.7141%$p;
.8000%$p;
.8660*Sp;
.9165*$p;

.9539*$p;
.9798*Sp;
.9950*S$p;
.0000*$p;
.9950*$p;
.9798*$p:;
.9539*8p;
.9165*$p:;
.8660*S$p:
.8000*3p;
.7141*Sp;
.6000*$p;




22 VALUE -0.5268*$p;
23 VALUE -0.4359*$p:;
24 VALUE -0.3122*%$p:;
25 VALUE O0.;

A.4 Macro “solid3d”

/* Macro for creating a 3d solid */

/* ---- name of solid ----*/

prompt *Enter name of solid”

input_string $n

[¥mmmmmmn contact type -~--~--- */

prompt “Enter contact type (0O=rectangular, l=elliptical) *
input $icon

/* ---- contact half widths ---- */

prompt “Enter major to minor contact half width ratio”
input $ab

$b = 0.060

Sa = $ab*$b .

/* --—- gize of solid (half lengths) ----- */

$x = 4.*$b

Sy = 2.*$x

$z = 4.*Sa : '

/% —==== frac of half width for central rect region */
$£ = 0.1561

$fmin = $f£

$fmaj = $f

/¥ nunmber of points on elliptical contour ------ */
$m = 40

/* ~-~-- set origin and fix axis ~------~-=- */

$dy = 0.0050

$xo = 0.

$yo = 0.

$zo0 = 0.

axis

move

to_point

digitize

$xo $yo $20 v 1

iiii

axis

fix

quit

/* -~-- base solid -=-=-- */
edit

edit_target
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$n

quit
axis
move
to_point
digitize
-5x 0 -8z
quit

add
solid
box
at_axis
ax
2.%x
ay
2.*Qy

az

2,%*$z
piid

quit

axis
move
to_point

digitize

($x - $b*$fmin)
quit
Sxi =
$yd =

-$dy ($z - $a*$fmaj)

2.*$b*$fmin
2.%*Sy + 2.*S8dy
2.*Sa*$fmaj

ay
$yd

az

$zi

iiii

quit
construct

v




region
solid_cut
HE R

quit

[*mmmmmn move axis to center of contact --------

= 0.50%*$xi
$zi = 0.50*$zi
axis

move

to_point
digitize

$xi 0 $zi v 1

.. e
tr 2
]

quat

[*mmm————— main regions -------- */

for ($i=1; $i<3; $i=$i+l)

if ($1i == 1) then

$sig = -1. ;;
else

$sig = 1. ;;
end_if
/*---- subregion 1 & 2
add
curve
exact
digitize
-$xi 0 $sig*$zi
lineseg
digitize
exact
$xi 0 $sig*$zi
digitize
exact
$x 0 $sig*$z
digitize
exact
-$x 0 $sig*$z

close

o 00
112

add

solid
extrusion
ext_x_direction
0 _
ext_y_direction
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1

ext_z_direction

0

pick curve -$x 0 $sig*$z
depth

$yad

iiii

quit

construct

region

so0lid_cut

delete

pick curve -$x 0 $sig*$z

P
/*————- subregion la & 2a

curve
exact

digitize

~-$x 0 8$sig*0.50*$z
lineseg

digitize

exact

-$xi 0 $sig*0.50*$zi
digitize

exact

$xi 0 $sig*0.50*$zi
digitize

exact

Sx 0 $sig*0.50*$z
digitize

exact

$x 0 S$sig*$z
digitize

exact

-$x 0 $sig*$z
close

¢ a0
e

add

solid
extrusion
ext_x_direction
0




ext_y_direction

1

ext_z_direction

0

pick curve -$x 0 $sig*$z
depth

$yd

quit

construct

region

solid_cut

it

delete

pick curve -$x 0 S$sig*$z

[ )
LN A A

quit

curve
exact

digitize
0.50*$sig*$x 0 -5z
lineseg

digitize

exact

0.50*Ssig*$xi 0 -$zi
digitize

exact

0.50*$sig*$xi 0 $zi
digitize

exact

0.50*$sig*sx 0 §z
digitize

exact

Ssig*Sx 0 Sz
digitize

exact

$sig*$x 0 ~-$=z
close

il

add

solid

extrusion
ext_x_direction
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0
ext_y_direction
1
ext_z_direction
0
pick curve $sig*$x 0 -$z
depth
Syd
Pl
Quit
construct
region
solid_cut
i
delete
pick curve $sig*$x 0 -$z
quit
end_for

[¥ommmm——— contact zone -------

$dth = 2.%3.14159265/%5m

SEEf = 1. '

for ($3j=1; ($F < 10); $j=$3j+1)
if ($3 == 2) then

SEf = 0.9539

end_if

if ($j == 3) then
SEf = 0.9165

end_if

if ($j == 4) then
$ff = 0.8660

end if

if ($3 == 5) then
S€£€ = 0.8000

end_if

if ($j == 6) then
SEf = 0.7141

end_if

if ($j == 7) then
SEE = 0.6000

end_if

if ($j == 8) then
SEf = 0.4359

end_if

if ($j == 9) then
S$ff = 0.3122
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end_if
$bj = Sb*$Ef
$aj = Sa*$ff
[¥——————— rectangular contact zone -------- */
if ($icon == 0) then
axis
move
to_peoint
digitize
-$bj 0 =-%aj v 1
quit
add
solid
box
at_axis
ax
2.*5bj
ay
$yd
az
2.*Saj
il
axis
move
to_point
digitize
$bj 0 Saj v 1
else
[He—mmmm elliptical contact area ----~--- */
Sxi S$bij

exact

digitize

$xi Syi $zi v 1

spline

through

for ($1 = 1; ($i < $m); $i = $i + 1)
$theta = Stheta + $dth
$xi = $bj * cos($theta)
$zi = $aj * sin($theta)
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digitize
exact
Sxi Syi $zi v 1
end_£or
digitize
exact
$bj 0 O
HH
close
quit
add
solid
extrusion
ext_x_direction
0
ext_vy_direction
1
ext_z_direction
0
pick curve $bj 0 O
depth
$yd
quit
delete
pick curve $bj 0 O

e 2 0 0
rr 2

end_if
quit
construct
region
solid_cut
qQuit

end_for

[P rmmmm zone around the contact —=-===--

$xi = 1.50*$b

$zi = 1.50*%a

axis

move

to_point

digitize

-$xi 0 -%zi v 1

qQuit
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add
solid
box
at_axis
ax

2.%8xi

ay

$yd

az

2.*%*$zi
iiii

qQquit
construct
region
solid_cut
quit

axis
move
to_point
digitize

$xi 0 $zi v 1

o s 00
re e

2.%($z+$dy)
2.* (Sx+8dy)
axis

move

to_point
digitize

0 0 -($z + $dy)
quit

add

solid

box

at_axis

ax

Sx+$ay

ay

$yd

az

$zd

quit

region solid along z axis

v 1
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construct
region
solid_cut

t

g:

axis

move

to_point

digitize

~{$x+$dy) 0 0 v 1

quit

add

solid

box

at_axis

ax

$xd

ay

$yd

az

($z+3dy)

iiis

Quit

construct

region

solid_cut

quit

/* --- regioning for layers ----~ */

prompt “Enter first coating thickness to half width ratio”

"~ input $h

$hs=38h

while ($h > 0.)
add
solid
box
at_axis
ax
$xd
ay
2.*$y-Shs*$b+$dy
az
$zd

[
[ )
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quit
construct
region
solid_cut
HE
quit
prompt *Enter next coating thickness to half width ratio (0. to
terminate) *
input Sh
$hs=$hs+$h
end_while
iiii :
/* ---- set axis to center of contact zone ----*/
axis
move
to_point
digitize
($x+8dy) (2.*Sy+S8dy) ($z+$dy) v 1

* s s 0
[ A A

view

show

dimetric

quit

quit

A.S Macro “mesh1”

/ PP o o o o o A o o S D e A EE G S e A S T WS N W W A M SN R S S S e ww —— »* /
/* Macro to generate mesh around the outer */
/* region in the top layer. This is the first */
/* macro which must be executed to start */
/* meshing the coated solid. */
/ T s o o o e = T T . " = = A N = W Y v e M D ED W R S * /
/*-=--- input data ------ */

prompt * Enter half width ratio *

input $ab

prompt * Enter number of circumferential mesh points *
input $n

$x = 0.24

$z = $x*Sab

/*=---- mesh zone 2 --~--- */
pick

region 0.25*$x 0 $z

.
’

edge_nodes
num_elem
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$n
pick
edge 0.25*$x 0 $z

mesh

[ = mesh zone 3 -~--- */

pick

region -0.25*$x 0 $z
’

edge_nodes

num_elem

$n

pick

edge -0.25*$x 0 $z

mesh

pick

region -0.75*$x 0 $z
edge_nodes

num_elem

$n

pick

edge ~-0.75*S$x 0 $z

mesh

pick

region -$x 0 0.75*$z
edge_nodes

num_elem

$n

pick

edge -$x 0 0.75*$z

mesh

AL mesh zone 6
pick
region -$x 0 0.25*$z

’
[ ]
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edge_nodes
num_elem

$n

pick

edge -$x 0 0.25*$z

mesh

pick

region -$x 0 -0.25*$z
edge_nodes

num_elem

$n

pick

edge -$x 0 ~-0.25*$z2

mesh

pick

region -$x 0 -0.75*$z
edge_nodes

num_elem

sn

pick

edge -$x 0 -0.75*$z

mesh

[ ¥ mesh zone 9 ----- */
pick

region -0.75*$x 0 -$z
edge_nodes

num_elem

$n

pick

edge -0.75*$x 0 -$z

mesh

pick
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region -0.25*$x 0 -$z
edge_nodes

num_elem

$n

pick

edge -0.25*$x 0 -$z

mesh

[F————— mesh zone 11
pick

region 0.25*$x 0 -$z
edge_nodes

num_elem

$n

pick

edge 0.25*$x 0 -$z

mesh

AL TS mesh zone 12
pick ‘
region 0.75*%$x 0 -$z
edge_nodes

num_elem

$n

pick

edge 0.75*$x 0 -$z

mesh

/*———— mesh zone 13
pick

region $x 0 -0.75*$z .

¢

edge_nodes
num_elem

sn

pick

edge $x 0 -0.75*S$z
mesh

.
’
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[¥mmm—— mesh zone 14 ----- */

pick

region $x 0 -0.25*$z

edge_nodes

num_elem

$n -

pick

edge $x 0 -0.25*%z

mesh

/¥ mesh zone 15 -=--- */

pick

region $x 0 0.25*$z

edge_node

num_elem

$n

pick

edge $x 0 0.25*5z

H

mesh

[¥mmmmm mesh zone 16 —----- */

pick

region $x 0 0.75*$z

edge_nodes

num_elem

$n

pick

edge $x 0 0.75*$z

i

mesh

:

A.6 Macro “mesh2”

/¥ e e e mm e ———— e — e */
/* This macro is used to mesh the sixteen regions */
/* of either the rectangular of elliptical area. */
/* This is second macro, which is executed in the */
/* in the meshing process. */
/ T e o o o o e o o o - . . - A G M ey 0 . S b Ak e M P - —— * /
/*---- input data ------ */

prompt * Enter half width ratio *
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input $ab

prompt * Enter normalized half width *

input $bb

$b = 0.060*$bb

$a = $ab*$b

prompt * Enter mesh region type (0O=rectangular, l=elliptical)
input $icon

prompt * Enter starting region number *

input $izone '

if ($icon == 0) then

"

$x1 = 0.75*$b
$z1 = Sa
$x2 = 0.25*$b
$z2 = Sa
$x15 = $b
$z15 = 0.25*$a
$x16 = $b
$z16 = 0.75*Sa
else
/*---- zone 1 coordinates ----%*/
$t = 0.75*$b/S%a
Saa = (Sab*$t) **2
$x1 = $b * sqrt($aa/(l.+$aa))
$z1 = Sa/sqrt(l.+$aa)
/*---- zone 2 coordinategs ----- */
St = 0.25*$b/Sa
Saa = ($Sab*$t) **2
$x2 = $b * sqrt(Saa/(l.+$aa))
$z2 = Sa/sqrt(l.+$aa)
[*=m—— zone 15 coordinates ----- */
$t = 0.25*$a/$b

$aa = ($t/$ab)**2

$x15 = $b/sqrt(l.+$aa)

$z15 = Sa*sqgrt($aa/(l.+$aa))

[ == zone 16 coordinates ----- */
$t = 0.75*3a/$b

Saa = ($t/$ab)**2

$x16 = $b/sqrt(l.+Saa)

$216 Sa*sqrt({Saa/(l.+5aa))
end_if
/*=---- mesh zone 1 ----- */
if ($izone == 1) then

pick

region $x1 0 $zl

mesh
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end_if

/*-~~- mesh zone 2 ----- */
pick

region $x2 0 $z2

mesh

[¥m———— mesh zone 3 ----- */
pick

region -$x2 0 $z2

mesh

[ ¥ = mesh zone 4 --~-- */
pick

region -$x1 0 Szl

;

mesh

[Fmmm— mesh zone 5 ----- */
pick

region -$x16 0 $z16
mesh

FAET T mesh zone 6 ----- */
pick

region -$x15 0 $z15

H

mesh

[ mesh zone 7 ----- */
pick

region -$x15 0 -$z15
mesh

FALET RS mesh zone 8 =-=---- */
pick

region -$x16 0 -$zl16
mesh

i

[*-———- mesh zone 9 ----- */
pick
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region -$x1 0 -$z1

.
’

mesh

[F=mmm- mesh zone 10 ----- */
pick

region -$x2 0 -$z2

H

mesh

[*m———- mesh zone 11 ----- * /
pick

region $x2 0 -$z2

mesh

[Fm———— mesh zone 12 ----- * /
pick

region $x1 0 -$zl

mesh

[ ¥ mesh zone 13 ----- * /
pick

region $x16 0 -$zl6

mesh

AL mesh zone 14 ----- * /
pick

region $x15 0 -$zl5
mesh

[ ¥ mesh zone 15 ==--- T
pick '
region $6x15 0 $z15

mésh

[H=mm=- mesh zone 16 ----- */
pick

region $x16 0 $zl6
mesh

i
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A.7 Macro “mesh3”

/ B e e o e v o o o o . S o T e o e T o e */
/* Macro to the twelve rectangular regions in */
/* in the interior of contact. This is third */
/* macro to be executed in meshing process */
/*---- input data ------ */

prompt * Enter half width ratio *

input $ab

prompt * Enter normalized half width *

input $bb

$b = 0.060*$bb

$a = $ab*$b
$x1 = 0.75*$b
$z1 = Sa
$x2 = 0.25*$b
§z2 = $a
$x12 = $b
$z12 = 0.25*%a
/*-=-~-- mesh zone 1 ----- */
pick

region $x1 0 $zl

mesh
/*---- mesh zone 2 ----- */
pick
region $x2 0 $z2
mesh
H
[F - mesh zone 3 ----- */
pick

region -$x2 0 $z2

mesh

[*m———- mesh zone 4 --—--- */
pick
region -$x1 0 $zl

mesh

[*=———- mesh zone 5 ----- */
pick
region =-$x12 0 $zl12

.
’
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mesh

[¥ == mesh zone 6 ----- */
pick

region -$x12 0 -$zl12

mesh

AL T mesh zone 7 ----- */
pick

region -$x1 0 -$zl

;

mesh

[*m———- mesh zone 8 ----- */
pick

region -$x2 0 -$z2

mesh’

/¥ mesh zone 9 ----- */
pick

region $x2 0 -$z2

mesh

AL LT mesh zone 10 ----- */
pick

region $x1 0 -$zl

mesh

[ *mm—— mesh zone 11 -=--- */
pick

region $x12 0 -$zl2

mesh

[*=——— mesh zone 12 ----- */
pick

region $x12 0 $z12
;
mesh

.
[
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A.8 Macro “meshd”

/* Macro to mesh the four rectangular regions at */
/* center of contact in the top layer. This is the */
/* macro used to complete meshing of the top layer */

/*---- input data ------ */
prompt * Enter half width ratio *
input $ab
prompt * Enter normalized half width *
input $bb
$b = 0.060*$bb
$a = Sab*$b y

$x1 0.50*$b

$z1 $a

$x2 -0.50*$b

$z2 Sa
/%*---- mesh zone 1 --~--~ */

pick

region $x1 0 $z1

[4
mesh

.
?

/*---- mesh zone 2 ----- */
pick
region $x2 0 §z2

mesh

[*-=—=== mesh zone 3 ----- */
pick
region $x2 0 -$z2

mesh

pick

region $x1 0 -$zl
H

mesh

.
e

A-26




Appendix B'

Manual Analysis Procedure

Normally in the ARIES preprocessor for MSC/NASTRAN, the analysis mode is set to
“automatic.” This means that no input data set is directly submitted to NASTRAN for analysis,
When output data from one solution is transferred as input to another case, such as transfer of
computed temperature field from the thermal problem to the stress problem, manual mode of
analysis is desired. This is accomplished as follows: -

1. Build the finite element model as usual.
2. In FEM application, pick Analysis mode as “Manual Analysis.”
3. Type in name for input deck, for example “heatxferl.”

4. In a seperate unix window execute the following command:
aries f_nastran,sh input_deck_name heatxferl

5 When the unix prompt returns execute the command:
aries anf2ari NASTRAN.ANF

The last step puts the output data back in ARIES for post-processing and graphic viewing
of the results. :
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